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ABSTRACT
TIP60-DEPENDENT HISTONE ACETYLATION PROMOTES DNA REPAIR BY
HOMOLOGOUS RECOMBINATION
Mischa Longyin Li
Roger A. Greenberg

Proper and timely repair of DNA double-strand breaks (DSBs) is critical for preservation
of genome integrity. While DSBs are repaired through a balance of canonical
nonhomologous end-joining (NHEJ) and homologous recombination (HR) pathways, this
balance is frequently disrupted in HR-deficient cancer cells, causing misuse of NHEJ that
destabilizes the genome. Understanding the balance between HR and NHEJ, and the
factors that could modulate this balance, informs our understanding of genome integrity,
tumorigenesis, and response to clinical therapy. The HR-NHEJ balance is regulated by
several factors, including cell cycle-dependent phosphorylation events and chromatin
remodeling. Our group and others previously published that the histone acetyltransferase
Tat-Interacting Protein 60kDA (TIP60) limits the accumulation of p53-Binding Protein 1
(53BP1) at DSBs to promote the loading of Breast Cancer Type 1 Susceptibility Protein
(BRCA1) and repair by HR, but the mechanism was unclear. Here we report that Tip60
conditional knockout causes meiotic HR defects in a BRCA1-independent manner, that
its pro-HR activity is regulated by cell cycle-dependent phosphorylation, and that its
acetylation of histones H4 and H2A.Z suppresses 53BP1 occupancy at DSBs. This body
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of work sheds light on the specific mechanisms by which this multi-faceted
acetyltransferase directs DSB repair pathway choice.
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CHAPTER 1. INTRODUCTION

Parts of this chapter appeared in Trends in Biological Sciences and Trends in Cell
Biology (Li and Greenberg, 2012; Li et al., 2014).

I.

DNA repair and tumor suppression

DNA is the unit of information that encodes our genome. To ensure that genetic material
is preserved with high fidelity through time and many cell divisions, an intricate network
of DNA repair factors work in concert to protect the genome from both endogenous and
exogenous sources of damage. Consequently, dysregulation of DNA repair factors can
destabilize the genome and result in the accumulation of mutations that lead to cancer
(Hanahan and Weinberg, 2011).

A prominent example connecting DNA repair abnormalities to cancer is the correlation
between mutations in genes involved in homologous recombination (HR) repair of DNA
double-strand breaks (DSBs) and predisposition towards breast and ovarian cancer
(Alexandrov et al., 2013; King et al., 2003; Patch et al., 2015). The genetic basis
underlying common forms of hereditary breast and ovarian cancer was revealed in the
early 1990s with the identification of the breast cancer early onset genes, Breast Cancer
Type 1 Susceptibility Protein (BRCA1) and Breast Cancer Type 2 Susceptibility Protein
1

(BRCA2) (Futreal et al., 1994; Miki et al., 1994; Wooster et al., 1995). Although
germline BRCA1 and BRCA2 mutation account for only a small percentage of the total
breast cancer incidence in the United States and approximately 20% of hereditary breast
cancer, intensive basic and clinical efforts have produced copious data regarding the
molecular basis of how these tumor suppressors function and how BRCA-mutated
cancers can be specifically and efficaciously treated.

In addition to imparting breast and ovarian cancer susceptibility, BRCA1 and BRCA2 are
bona fide players in the DNA damage response through enabling the accurate repair of
DSBs by HR, which is their most closely associated cellular function to tumor
suppression (Moynahan et al., 1999; 2001). Cells deficient in either gene accumulate
characteristic cytogenetic abnormalities indicative of deficiency in HR-mediated DNA
repair. Moreover, DNA-damaging agents that necessitate HR for repair have shown
promise for treating BRCA1- and BRCA2-mutant cancers (Bryant et al., 2005; Farmer et
al., 2005; Fong et al., 2009). Finally, basic investigations into BRCA1 and BRCA2 have
led to the identification of other breast and ovarian cancer genes that are required for
BRCA DNA repair function. Consequently, observations over the past few decades
following their discovery have solidified the concept of a BRCA-centered tumor
suppressor network that is essential for genome integrity and responses to chemotherapy
(Greenberg, 2008).
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II.

Balance between DSB repair mechanisms maintains genome integrity

The accuracy and efficiency of DSB repair are dictated by the balance between two major
repair pathways, BRCA1-mediated HR and non-homologous end joining (NHEJ)
mediated by p53-Binding Protein 1 (53BP1). A crucial determinant of whether HR or
NHEJ repair is utilized to repair a DSB is the process of end resection. This is executed in
a 5’ to 3’ dependent fashion by several different nucleases, which include CTBPInteracting Protein (CtIP) in association with Meiotic Recombination 11 Homolog A
(Mre11), DNA Repair Protein Rad50, and Nijimegen Breakage Syndrome 1 (Nbs1)
(together referred to as the MRN complex); Exodeoxyribonuclease 1 (Exo1); and DNA
Replication ATP-Dependent Helicase (Dna2) (Mazón et al., 2010; Sartori et al., 2007).
The single strand binding protein Replication Protein A (RPA) then loads onto the 3’
overhanging single-strand DNA (ssDNA) for further structural processing, eventually to
be replaced by Rad51 recombinase, which conducts a homology search and facilitates
strand invasion into the template sister chromatid (Li and Greenberg, 2012). 53BP1 and
its partners protect the DNA ends from nucleolytic resection, whereas BRCA1 and its
partners promote nuclease activity and subsequent resection, homology search, and
templated repair (Panier and Boulton, 2014). Thus, the appropriate amount of resection,
and consequently the balance between HR repair and NHEJ repair, is maintained by the
balance between BRCA1 and 53BP1 at DSBs.

BRCA1 mutation disrupts this balance, leading to chromosomal aberrations and
tumorigenesis as a consequence of elevated and pathologic 53BP1-dependent NHEJ
3

(Panier and Boulton, 2014). This is best illustrated by the response of BRCA1-mutant
cells to treatment with Poly(ADP-ribose) Polymerase inhibitors (PARPi). For years it was
thought that PARPi creates a single strand-break (SSB) that collapses into a one-ended
DSB during replication, which necessitates HR repair. However, further studies on the
mechanisms of PARPi efficacy in cancer treatment has clarified the model, and it is now
believed that PARPi “traps” PARP1 on the chromatin, resulting in a lesion that is
resolved by HR during S and G2 phases of the cell cycle (Murai et al., 2012). The
requirement of PARPi-treated cells for HR genes has been exploited as a synthetic lethal
strategy to preferentially kill BRCA1 and BRCA2-null cancer cells, while producing
minimal toxicity in BRCA heterozygous cells (Bryant et al., 2005; Farmer et al., 2005).

Strikingly, concomitant loss of 53BP1 or its partners in BRCA1 mutant cells restores
genomic integrity and prevents tumorigenesis. Specifically, 53BP1 nullizygosity rescues
the embryonic lethality, HR activity, and PARPi sensitivity of BRCA1 knockout mice
(Bouwman et al., 2010; Bunting et al., 2010; Cao et al., 2009). The purveying thought is
that increased single stranded DNA in BRCA1-/-, 53BP1-/- cells enables Rad51dependent strand invasion and HR even in the absence of BRCA1. Therefore, the
genomic instability and cancer predisposition observed in BRCA1 mutant cells is not due
to inability to conduct HR per se, but rather due to 53BP1-mediated end protection that
suppresses HR.

4

Consistent with a model of BRCA1-53BP1 antagonism regulating DSB repair
mechanism, our group and others have observed that depleting 53BP1 increases the
amount of BRCA1 at DSBs, and vice versa (Chapman et al., 2012; Tang et al., 2013). In
fact, BRCA1 and 53BP1 appear to compete for binding at DSBs both spatially and
temporally. First, DSB repair pathway is regulated in part by the cell cycle, with NHEJ
acting as the predominant mode of repair throughout interphase in mammalian cells, and
HR utilization occurring only during S and G2 phases when the sister chromatid acts as
the homologous template (Hustedt and Durocher, 2016; Rothkamm et al., 2003). 53BP1
form foci at damage sites throughout interphase, whereas BRCA1 foci readily form in S
and G2 cells, but not G1 cells. Cell cycle-dependent 53BP1 and BRCA1 foci formation is
partially controlled by cyclin-dependent kinases. Cyclin Dependent Kinase 1 (CDK1), in
particular, phosphorylates the nuclease CtIP during S and G2 to promote the BRCA1CtIP axis and inhibit the 53PB1-RIF1 axis (Hustedt and Durocher, 2016). Recent work
suggests that during G1, 53BP1 localizes to HR-prone regions of the genome to delay HR
repair at these sites until the cell has progressed into S and G2 phases (Aymard et al.,
2017; Clouaire et al., 2018). On the other hand, its occupancy was low at NHEJ-prone
sites regardless of cell cycle (Clouaire et al., 2018). This corroborates the model that
53BP1 does not directly mediate NHEJ per se, but rather primarily inhibits end resection
to suppress HR.

Beyond cell cycle dependency, 53BP1 and BRCA1 are also recruited to DSBs with
different kinetics, and appear to occupy different chromatin domains. 53BP1 is recruited
5

to damage sites within 30 minutes, then its occupancy at DSBs gradually decreases over
several hours as BRCA1 accumulation increases (Chapman et al., 2012). This correlates
with dynamic histone acetylation changes (Tamburini and Tyler, 2005), histone variant
H2A.Z exchange (Alatwi and Downs, 2015; Rona et al., 2018), and the accumulation of
ubiquitin conjugates at DSBs that is thought to mediate the translocation of 53BP1 away
from the DSB end to the periphery of the damage signaling domain, and allow for
proximal BRCA1 loading (Chapman et al., 2012; Densham et al., 2016; Tang et al.,
2013).

III.

Chromatin-modifying activities and the recruitment of BRCA1 versus
53BP1

By high resolution microscopy, 53BP1 and BRCA1 proteins do not co-localize at damage
sites, but rather juxtapose each other (Chapman et al., 2012; Mok and Henderson, 2012),
suggesting that the chromatin surrounding DSBs is differentially modified, and can be
separated into at least two different states. This model is borne out by observations that
53BP1 and BRCA1 appear to associate with chromatin that have distinct features.

After DSB is induced, Histone H2A variant H2A.X is phosphorylated on S139 (γH2A.X)
by the PIKK kinase Ataxia Telangiectasia Mutated (ATM) (see Fig. 1). γH2A.X is
crucial for the sustained recruitment of various protein complexes to the lesion site and
for ensuring optimal repair. One of the key proteins recruited by γH2A.X is Mediator of
6

DNA-Damage Checkpoint 1 (MDC1), which gets phosphorylated in a series of TQXF
repeats (van Attikum and Gasser, 2009). Phospho-MDC1 provides a scaffold for the
phospho-binding ubiquitin E3 ligase Ring Finger Protein 8 (RNF8), which ubiquitinates
histones H2A, H2B, H2A.X, and linker histone H1 (Huen et al., 2007; Kolas et al., 2007;
Mailand et al., 2007). It is thought that this initial ubiquitination of the chromatin
flanking DSBs is able to recruit Ring Finger Protein 168 (RNF168), a second E3
ubiquitin ligase, through the RNF168 ubiquitin-binding domains, allowing amplification
of the ubiquitin signal along chromatin in cis to DSBs (Doil et al., 2009; Stewart et al.,
2009).

First RNF168 mono-ubiquitinates histone H2A on lysine 15 (H2AK15ub), which works
in conjunction with di-methylated histone H4 lysine 20 (H4K20me2) to recruit 53BP1
(Panier and Boulton, 2014). Then, over time, RNF168-dependent poly-ubiquitination
builds up on a yet-unknown substrate, and BRCA1 accesses ubiquitin chains at DSBs
through its interaction with a 5-member ubiquitin recognition complex that is coordinated
by Receptor-Associated Protein 80 (RAP80), a protein that utilizes tandem Ubiquitin
Interaction Motifs (UIM) domain to specifically recognize lysine 63-linked ubiquitin
(K63-Ub) chains (Kim et al., 2007; Sobhian et al., 2007; Wang et al., 2007). γH2A.X,
MDC1, and 53BP1 foci juxtapose BRCA1 foci, whereas BRCA1 foci nearly perfectly colocalizes with the foci of the E3 ubiquitin ligases RNF8 and RNF168, as well as the
ubiquitin-binding protein Rap80 and its partners (Mok and Henderson, 2012). This
Rap80-containing BRCA1 complex is also known as the BRCA1-A complex (Her et al.,
7

2016). Thus, the γH2A.X – MDC1 – 53BP1 axis likely occupies a different chromatin
domain than the RNF8 – RNF168 – BRCA1-A axis, and perturbing the chromatin
environment could alter the relative recruitment of these different repair factors.

53BP1 recognition of H2AK15ub and H4K20me2 is mediated by via its UbiquitinDependent Recruitment (UDR) and Tudor domains, respectively (Fradet-Turcotte et al.,
2013; Wilson et al., 2016). The minimal fragment of 53BP1 that localizes to sites of
DSBs includes these two domains, and is appropriately called the “Focus-Forming
Region” (FFR). H4K20me2 is thought to be a relatively stable epigenetic mark that
becomes diluted on post-replicative chromatin. As 53BP1 is incompetent to bind
unmodified H4K20 (Botuyan et al., 2006), the methylation status of this residue is
proposed to be a mechanism to restrict 53BP1 localization to late S and G2 phase DSBs
(Pellegrino et al., 2017; Saredi et al., 2016). H2AK15ub, on the other hand, is believed to
be damage-induced and mediated by RNF168 (Fradet-Turcotte et al., 2013). However,
significant ubiquitination occurs after damage on H2A K118 and K119 as well
(Uckelmann and Sixma, 2017), and it is unclear what fraction of H2A(X) becomes K15
ubiquitinated, K118/119 ubiquitinated, or both. The requirement of these histone
modifications for 53BP1 recruitment is clear, and there is structural evidence that they
directly mediate 53BP1 binding to the surface of nucleosome core particles (Wilson et
al., 2016). Notably, although the FFR fragment of 53BP1 is sufficient for its recruitment
to damage sites, it’s insufficient to inhibit BRCA1 foci formation, as over-expression of
full-length 53BP1 suppresses BRCA1 ionizing radiation-induced foci (IRIFs), whereas
8

over-expression of FFR does not (Zimmermann and de Lange, 2014). This is attributed to
the fact that phosphorylation of 53BP1 at the N-terminus, outside the FFR region,
facilitates its interaction with effectors PTIP and RIF1. This damage-induced
phosphorylation and association with downstream factors is required to inhibit end
resection and BRCA1 loading (Panier and Boulton, 2014).

On the other hand, there is no data that the BRCA1-A complex directly binds
nucleosomes, or that nucleosomes are the substrate for the RNF168-mediated polyubiquitination that recruits Rap80. Interestingly, the Rap80 complex also contains
BRCA/BRCA2-containing complex subunit 36 (BRCC36), a de-ubiquitinating enzyme
that specifically hydrolyzes K63-Ub chains, thus limiting the accumulation of DSBassociated K63-Ub (Shao et al., 2009a; 2009b). Although BRCA1 forms DSB foci
through chromatin-associated K63-Ub chains, this does not account for all of the function
of BRCA1 in DSB repair. BRCA1 is a central component of at least 3 different protein
complexes that function independently of the Rap80-containing BRCA1-A complex.
These include interactions with PalB2 and BRCA2 (BRCA1/PalB2/BRCA2 supercomplex), BACH1 (BRCA1-B), and CtIP (BRCA1-C). All of these complexes have
described roles in DNA repair (Her et al., 2016). However, the large BRCA1 foci that
form at DSBs at 5-8 hours post-damage are dependent on K63 poly-ubiquitination and on
Rap80 complex (Sobhian et al., 2007; Wu et al., 2012), suggesting that the majority of
BRCA1 recruitment at damage sites is in the context of the BRCA1-A complex.

9

IV.

Localization of repair factors and histone modifications during meiotic
DSB repair

While the relative localization of 53BP1 and BRCA1-A at mitotic DSBs requires high
resolution microscopy, their localization is much better differentiated during the meiotic
damage response, particularly in males. There are several major differences between
male meiotic HR and mitotic HR: the DSBs generated in meiosis are programmed, not
accidental; meiotic DSB repair is conducted exclusively by HR, not NHEJ; a homologous
chromosome, rather than a sister chromatid, is used as the template; and the damage
response initiates at small foci throughout the genome, but becomes restricted over time
to an expansive domain over the sex chromosomes (Baudat et al., 2013). Accordingly,
while many DNA damage response (DDR) factors are conserved between the two
processes, there are some discrepancies that present interesting insight into the special
requirements for HR in mitotic cells.

During spermatogenesis, programmed DSBs are generated by the Spo11 nuclease in
leptotene to early zygotene stages at meiotic “hotspots” characterized by PRDM9mediated H3K4me3 (Baudat et al., 2010; Grey et al., 2011). The damage marker γH2A.X
appears at DSBs throughout the genome. Then Rad51, in conjunction with the germlinespecific DNA Meiotic Recombinase 1 (DMC1), mediate homology search and synapsis
between the homologous chromosomes in mid to late zygotene stages (Baudat et al.,
10

2013). Intact HR machinery is required for proper synapsis between the autosomes. As
meiosis progresses to pachytene stage, DSB repair on the synapsed autosomes is
completed. γH2A.X disappears from the autosomes, and concentrates over the asynaptic
XY chromosomes (a.k.a. the sex body) to generate a massive damage response that
results in silencing of nearly all transcription from these chromosomes, referred to as
meiotic sex chromosome inactivation (MSCI) (Barchi et al., 2005).

The γH2A.X – MDC1 – 53BP1 axis, which co-localizes in somatic cells (Mok and
Henderson, 2012), also demonstrates similar localization and genetic relationship in
meiotic cells at pachytene stage. All three factors spread over the chromatin loops of the
XY body, forming large domains (Lu et al., 2013). H2A.X is required for MDC1, which
in turn is required for 53BP1. On the other hand, p-ATM, p-MDC1, RNF8, BRCA1-A,
CtIP, and Rad51 localization is concentrated on or restricted to the XY axes, which are
thought to be nucleosome-poor, and largely absent from the chromatin loops (Lu et al.,
2013; 2010; Modzelewski et al., 2015). During spermatogenesis, when DSBs are strictly
repaired by HR, BRCA1 and Rad51 localization are unaffected by H2A.X, MDC1, or
RNF8 status, whereas in mitotic cells all three of these chromatin-based factors are
required for BRCA1 and Rad51 recruitment (Lu et al., 2013). In fact, BRCA1 is actually
required for proper γH2A.X spreading over the XY body to mediate MSCI (Broering et
al., 2014), suggesting a much more dominant role for BRCA1 in meiotic DDR compared
to mitotic DDR.
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Also in contrast to mitotic DSB repair, in spermatocytes 53BP1 does not compete with
BRCA1 for localization on XY chromosomes. As described above, the two proteins have
distinct localization patterns, with BRCA1 along the axes only, and 53BP1 spreading
throughout the chromatin loops. During spermatogenesis, RNF8 and H2Aub are
dispensable for BRCA1-A complex localization on the XY axes, and instead of Rap80
complex bringing in BRCA1, it appears that BRCA1 is what tethers Rap80 complex to
XY (Lu et al., 2013). In spermatogenesis, 53BP1 loading on XY, rather than antagonizing
BRCA1 localization, is actually dependent on BRCA1 (Broering et al., 2014). This is
likely due to the importance of BRCA1 for MDC1 spreading and proper γH2A.X domain
formation during male meiosis (Broering et al., 2014), as 53BP1 recruitment to XY
chromatin loops still depends on γH2A.X, MDC1, and RNF8-mediated H2A
ubiquitination (Santos et al., 2010). Thus, 53BP1 recruitment in meiosis is still dependent
on ubiquitination, whereas BRCA1-A recruitment is not. This indicates that during
meiosis, the chromatin-based DDR does not control BRCA1, but rather BRCA1 controls
DDR.

V.

Histone modifications and chromatin remodeling in DNA repair

In addition to H4K20me2, H2AK15ub, and K63-polyubiquitination, there is extensive
evidence for other histone modifications and their readers, writers, and erasers
modulating DSB repair, including H3K36me2/3, H3K9me3, H2BK120ub, H2AK119ub,
12

H2BS14ph, H3K14ac, H3K56ac, and H4K16ac (Soria et al., 2012; Wilson and Durocher,
2017). There is also substantial evidence that chromatin remodeling complexes localize
to damage sites and mediate repair (Bennett et al., 2013; Chen et al., 2012b; 2016;
Costelloe et al., 2012; Densham et al., 2016; Downs et al., 2004; Jeggo et al., 2017;
Rother and van Attikum, 2017). The exchange of histone variants H2A.Z (Gerhold et al.,
2015; Piquet et al., 2018a), H2A.X (Heo et al., 2008; Kusch et al., 2004; Piquet et al.,
2018a), and H3.3 (Adam et al., 2013; Luijsterburg et al., 2016) at sites of damage appear
to be particularly important for genome stability. Eviction and translocation of
nucleosomes have also been implicated in regulating access to resection machinery and
repair pathway choice (Densham et al., 2016; Goldstein et al., 2013).

Of the different histone modifications, acetylation appears to modulate DSB chromatin
architecture and repair efficiency via myriad mechanisms. Acetylated histone tails can
recruit remodeling complexes, through Bromodomain-containing (BRD) readers (Gong
et al., 2016; 2015; Neely and Workman, 2002). Histone acetylation also has a direct
effect on the compaction of the DNA fiber, altering contact between the H4 tail and the
H2A/H2B acidic patch on neighboring nucleosomes (Kalashnikova et al., 2013).
Additionally, it can interfere with repair proteins’ association with histone tails via
neutralization of charge-charge interactions (Tang et al., 2013). Furthermore, as a large
component of the DDR and DNA repair is ubiquitination (Uckelmann and Sixma, 2017),
and acetylation and ubiquitination are mutually exclusive on the same residue. Thus,
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acetylation can also regulate DNA repair by antagonizing ubiquitination (Jacquet et al.,
2016).

It is then unsurprising that a pantheon of histone acetyltransferases (HATs) and histone
residues have been implicated in DNA repair (Dhar et al., 2017; Gong and Miller, 2013),
including H2A(X)K5 (Ikura et al., 2015; 2007; Kusch et al., 2004), H4 K4/8/12/16 (Dhar
et al., 2017), H2AK15 (Jacquet et al., 2016), and H2A.Z K4/K7/K11 (Keogh et al., 2006;
Kim et al., 2009; Kusch et al., 2014; Papamichos-Chronakis et al., 2011; Xu et al., 2012).
Notably, these particular residues are all putative substrates of the acetyltransferase TatInteracting Protein 60kDA (TIP60).

Proper acetylation and localization of H2A.Z, in particular, has been reported to be
important for DNA repair and genome stability (Morillo-Huesca et al., 2010;
Papamichos-Chronakis et al., 2011; Xu et al., 2012). H2A.Z has an extended acidic patch
compared to canonical H2A, and has been reported to regulate nucleosome stability
(Santisteban et al., 2000) and higher order chromatin fiber condensation (Fan et al., 2004;
Kim et al., 2009). Nucleosomes containing un-acetylated H2A.Z are described to be more
stable than ones containing canonical H2A, while histone acetylation appears to
destabilize the H2A.Z-containing nucleosomes in favor of canonical H2A (Thambirajah
et al., 2006). While H2A.Z deposition by the TIP60-containing NuA4 complex (Xu et al.,
2012) and subsequent H2A.Z exchange at DSB (Alatwi and Downs, 2015; Gursoy14

Yuzugullu et al., 2015) facilitate repair by HR, it is unclear what is the underlying
mechanism of how H2A.Z dynamics promotes a pro-HR state.

VI.

The role of TIP60 in DNA repair

TIP60 (a.k.a. lysine acetyltransferase 5, or KAT5) is a member of the MYST family of
HATs, and it can acetylate nucleosomal histone H2 and H4 tails (Jacobson et al., 2004).
It acts in a multi-subunit complex with the SWR/INO80 family chromatin remodeler
p400, which has also been shown to be important for DSB repair (Courilleau et al., 2012;
Xu et al., 2010). Together, this TIP60-p400 complex (a.k.a. NuA4 complex) regulates
transcriptional activation (Jeong et al., 2011; Kusch et al., 2014; Rossetto et al., 2014;
Steunou et al., 2016), differentiation (Chen et al., 2013), aging and autophagy (Lin et al.,
2012; Lu et al., 2011; Yi et al., 2012), and tumorigenesis (Chen et al., 2012a; Halkidou et
al., 2003; Zhao et al., 2012).

In yeast the TIP60-p400 macromolecular complex is actually broken up into two separate
complexes: the NuA4 HAT complex, and the SWR1 remodeling complex. It is thought
that the HAT activity of NuA4 recruits and activates the remodeling activity of SWR1
(Altaf et al., 2010). These two complexes and their respective HAT and remodeling
activities merged in mammals. Although TIP60 is historically thought to acetylate H4
and canonical H2A, in more recent years its activity on histone variants H2A.X and
H2A.Z has been better studied and appreciated (Gursoy-Yuzugullu et al., 2015; Ikura et
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al., 2015; 2007; Kusch et al., 2014; Xu et al., 2012). Interestingly, TIP60 affinity for
H2A.Z appears to be higher than for canonical H2A (Surface et al., 2016). This may
partially be explained by structural data demonstrating that NuA4 complex docks to the
nucleosome via a multi-valent mechanism, through both TIP60 interaction with the H4
tail, and partner protein Enhancer of Polycomb 1 association with the H2A/H2B acidic
patch, which is extended on H2A.Z (Xu et al., 2016).

TIP60 and its HAT activity was reported to be important for DNA repair nearly two
decades ago (Ikura et al., 2000), and the detailed mechanisms of how acetylation of its
substrates regulates repair have been slowly built up over the years. Our group published
that the TIP60-p400 chromatin-remodeling complex promotes HR over NHEJ at damage
sites by suppressing 53BP1 loading. This may occur in part through TIP60 acetylation of
H4K16, resulting in decreased 53BP1 association with the H4 tail (Tang et al., 2013).
Our observation that H4 acetylation modulates the HR-NHEJ balance has been
corroborated by other groups (Clarke et al., 2017; Hsiao and Mizzen, 2013; Sivanand et
al., 2017). The finding that the major H4K16 HAT Male absent on the First (MOF) is
important for HR repair (Gupta et al., 2014; Li et al., 2010; Sharma et al., 2010) is
consistent with H4K16 acetylation directing DNA repair mechanism.

However, the regulation of DSB repair by TIP60 and its partners is likely due to more
than H4K16 acetylation. Although MOF is the dominant H4K16 HAT in mammalian
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cells, loss of MOF and loss of TIP60 produce distinct DDR and DNA repair defects
(Sharma et al., 2010). TIP60 and MOF been reported to acetylate disparate sets of DDR
proteins (Gupta et al., 2005; Kaidi and Jackson, 2014; Li et al., 2010; Sun et al., 2005;
Tang et al., 2006; Zheng et al., 2013), although none of those factors could explain how
TIP60 suppresses 53BP1 loading.

Compared to MOF, TIP60 has different putative substrates in the forms of H2A(X)K5
(Ikura et al., 2015; 2007; Kusch et al., 2004), H2AK15 (Jacquet et al., 2016), and H2A.Z
(Kusch et al., 2014; Papamichos-Chronakis et al., 2011; Xu et al., 2012). Notably, TIP60
HAT activity on H2A and H4 and the remodeling activity of p400 and other ATPases in
the NuA4 complex are believed to be important for H2A.Z histone exchange (Altaf et al.,
2010; Bennett and Peterson, 2015; Xu et al., 2012). These, and other yet undiscovered
non-histone targets of TIP60 could hold the key to understanding how it mediates DDR
and DSB repair.

This dissertation summarizes the efforts we have undertaken to understand how TIP60
suppresses 53BP1 localization at DSBs to promote BRCA1-dependent HR. We utilize a
TIP60 conditional knockout model to explore whether it promotes BRCA1 loading and
HR in meiosis, how it modulates the 53BP1-BRCA1 balance during the cell cycle, and
the histone targets of TIP60 that mediate its restriction of 53BP1 accumulation at DSBs.
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Figure 1. Model of the DSB signaling cascade.
DSB induction leads to ATM phosphorylation of histone variant H2A.X (γH2A.X).
γH2A.X recruits MDC1, which is also phosphorylated by ATM. pMDC1 recruits RNF8,
which ubiquitinates histone H1 (H1ub). H1ub is recognized by RNF168, which can both
mono-ubiquitinate H2AK15 and poly-ubiquitinate a different substrate on the chromatin.
53BP1 is recruited by both H2AK15ub and H4K20me2. BRCA1-A complex is recruited
via Rap80 recognition of K63 poly-ubiquitin conjugates.
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CHAPTER 2. TIP60 Acetyltransferase is Important for Meiotic
Recombination
I.

Introduction

Many factors that are important for mitotic HR have been demonstrated to be critical for
proper meiotic recombination and progression through meiosis. During meiosis, hundreds
of programmed DSBs are generated at H3K4me3-marked “hot spots,” and homology
search machinery mediates the synapsis between homologous chromosomes, culminating
in the eventual templated repair of all the paired chromosomes (Baudat et al., 2013).
Because so many DSBs are generated, and repaired exclusively by HR during meiosis,
deficiency in pro-HR genes can result in dramatic phenotypes in gametogenesis and
fertility. Consequently, an important component of characterizing any putative HR factor
is the investigation of its meiotic phenotypes.

Interestingly, compared to mitotic recombination, meiotic recombination presents a
system for finer dissection of the specific roles played by the HR proteins. Meiotic
prophase I progresses through leptotene, zygotene, pachytene, then diplotene stages in
spermatocytes. Meiotic DSBs are generated during leptotene stage, and largely resolved
by pachytene stage, when all the homologous chromosomes are paired, and the asynaptic
XY body generates a massive damage response that results in chromosome-wide
transcriptional silencing. After the diplotene stage, the spermatocytes mature into round
spermatids, which gradually elongate as the chromatin is remodeled, and histones are
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replaced by protamines, which compact the genome. Due in part to the length and
complexity of the process, it is easier to stage when a repair defect occurs, and discern
whether a particular gene is required for HR per se. For example, depletion of Rad51,
which acts downstream of BRCA1 in mitotic cells to conduct homology search and
template invasion, results in zygotene arrest, asynapsis, and gametogenic failure that can
be easily visualized in spermatocytes by immunofluorescence (Baudat et al., 2013). On
the other hand, loss of Rap80, which recognizes K63 ubiquitin moieties and facilitates
recruitment of BRCA1 to DSBs in mitotic cells, has no discernible effect on fertility or
meiotic progression (Yin et al., 2012). Furthermore, the repair proteins, which form
indistinguishable foci at mitotic DSBs, localize to spatially differentiated domains during
meiotic recombination. The damage marker γH2A.X spreads over the entire XY
chromosomes at pachytene stage, when the asynaptic XY body amplifies its DNA
damage signaling. On the other hand, BRCA1 only occupies the Cohesin-bound
chromosomal axes but not the chromatin loops (Baudat et al., 2013). Thus, spermatocyte
surface spread immunofluorescence presents an attractive assay for interrogating the role
of DNA repair factors during meiotic recombination.

Histone acetylation is high during the early stages of spermatogenesis, and is proposed to
control the rates of DSB formation and recombination during meiosis (Getun et al.,
2016), consistent with acetylation promoting HR in mitotic cells as well. However, TIP60
expression peaks during the later stages of spermatogenesis, correlating with a burst of
H4 hyper-acetylation that precedes the histone to protamine transition (Getun et al.,
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2016), posing the intriguing question of whether TIP60 acts during early meiosis for DSB
generation and repair, or later during the massive genome reorganization that occurs in
spermatid maturation. During the course of our investigations, another group published
that depletion of NuA4 complex members TIP60 and EPC1 can result in histone
replacement defects in elongating spermatids, which correlated with decreased histone
H4 acetylation (Dong et al., 2017). Their work corroborates the importance of H4
acetylation for gametogenesis, although we found that TIP60 is important for the earlier
steps of meiotic recombination as well.

II.

Tip60 cKO testes display spermatogenic failure

To address whether TIP60 is important for meiotic recombination and meiotic
progression, we crossed Tip60 f/f mice (Fisher et al., 2016; Xiao et al., 2014), (schema of
the Tip60 fl allele in Fig. 2-1A) to Stra8-Cre mice to knock-out Tip60 in early
spermatogonia, prior to DSB formation. Tip60 was efficiently deleted in testes by Stra8Cre induction (Fig. 2-1B), which resulted in grossly smaller testes and azoospermia (Fig.
2-1C, D and data not shown). Interestingly, the spermatogonia in Tip60 cKO testes were
able to progress through early spermatogenesis, and arrest in the pachytene stage (Fig. 21E). The pachytene-arrested spermatocytes in TIP60-deficient tubules display increased
rates of apoptosis by TUNEL assay (Fig. 2-1F, G), demonstrating that TIP60 is
exquisitely important for the cellular processes that occur at this stage.
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III.

Depletion of TIP60 in early spermatocytes results in HR deficiency
during meiosis

The pachytene phase is an important checkpoint during spermatogenesis, when the
spermatocytes with abnormalities in synapsis and DSB resolution are arrested and
eliminated (Barchi et al., 2005; Baudat et al., 2013). In male meiosis, the pachytene phase
is also when the asynaptic XY chromosomes condense into the sex body to initiate
MSCI. Thus, knockouts or conditional knockouts of many DNA repair and HR genes
result in defects that can be observed either in synapsis of the autosomes or MSCI on the
sex body during pachytene stage (Barchi et al., 2005; Baudat et al., 2013).

The spermatocytes in TIP60 cKO testes exhibited aberrant damage signaling on the sex
body. During male meiosis, γH2A.X is initially present on all the chromosomes as the
DSBs are generated. As repair occurs and cross-overs are resolved, the autosomes
synapse, and γH2A.X signal disappears from the autosomes to concentrate on the
asynaptic XY body at pachytene phase. Failure to repair DSBs by HR results in abnormal
γH2A.X localization and arrest at pachytene phase (Baudat et al., 2013). Consistent with
defective HR repair, TIP60 cKO spermatocytes showed abnormal γH2A.X localization,
including incomplete γH2A.X spreading over the XY body and residual γH2A.X on
autosomes (Fig. 2-2).
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Aberrant γH2A.X patterns demonstrated by HR-deficient spermatocytes also frequently
correlate with defective synapsis of the autosomes, which is mediated by HR machinery.
Inability to resolve meiotic DSBs and asynapsis result in prolonged damage signaling on
the autosomes (Mahadevaiah et al., 2001). Synapsis can be visualized by co-localization
of the lateral element marker SCP3 and the traverse filament marker SCP1 on the
homologous autosomes, whereas SCP1 is absent from the non-homologous XY body. We
observed that TIP60 loss indeed reduced synapsis of autosomes as measured by
SCP1/SCP3 co-localization, with Tip60 cKO spermatocytes demonstrating decreased
percentage of SCP1+ autosomes (Fig. 2-2). These results are consistent with a role for
TIP60 in meiotic recombination, synapsis, and sex body formation.

IV.

Effect of TIP60 on meiotic HR is independent of BRCA1 and 53BP1
localization

We probed for TIP60 localization on meiotic chromosomes, but were unable to detect it
by surface spread immunofluorescence (data not shown). However, we found that
localization of the repair factor 53BP1 was altered by Tip60 deletion. During meiosis,
53BP1 is known to be recruited to the chromatin loops of the XY chromosomes
downstream of a γH2A.X - H2A ubiquitination (H2Aub) signaling cascade (FernandezCapetillo et al., 2003; Ichijima et al., 2011; Lu et al., 2013). Although it is unclear which
residues on H2A are being ubiquitinated. Since 53BP1 recruitment to the XY
chromosomes depends on γH2A.X signaling, and γH2A.X signaling is compromised in
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TIP60 cKO spermatocytes, 53BP1 localization to XY chromatin in TIP60 cKO
spermatocytes was unsurprisingly decreased (Fig. 2-3).

Since TIP60 is important for BRCA1 localization in mitotic HR, we assessed whether
this is the case in meiotic HR as well. However, the requirements for BRCA1 recruitment
to DSBs in meiosis is rather different from that in mitotic cells, in that BRCA1 appears to
robustly localize on XY chromosome axes regardless of H2A.X, RNF8, and Rap80 status
(Lu et al., 2010; 2013). This suggests that chromatin-based damage signaling may be
much more important for BRCA1 recruitment in mitotic cells than in meiotic cells. Given
that TIP60 facilitation of BRCA1 recruitment in mitotic cells is presumed to be largely
due to its acetylation of the chromatin, it was then unsurprising that in spermatocytes,
BRCA1 localization to the XY axes was not affected by TIP60 loss (Fig. 2-3).

V.

Discussion

While there is considerable evidence for the role of TIP60 in mitotic HR repair based on
IRIFs and sensitivity to DNA damaging agents, prior to our study it was unclear whether
TIP60 is important for repair during meiosis, when the HR burden is heaviest. It was
recently published that deletion of TIP60 in a Tip60 f/f, ERT2-Cre model in which exons
10-11 are conditionally deleted in P15 mice by intraperitoneal (IP) tamoxifen injection
results in variegated effects. The authors reported degeneration of seminiferous tubules,
and loss of late stage spermatocytes and spermatids, but no apparent loss of pre25

pachytene spermatogonia or spermatocytes (Dong et al., 2017). This is consistent with
our finding that Tip60 f/f, Stra8-Cre deleted spermatocytes arrest and apoptose at the
pachytene stage (Fig. 2-1). However, unlike IP tamoxifen injection to induce ERT2-Cre
in all cells on a particular day, Stra8-Cre is turned on at a defined stage of development,
in early spermatogonia, which could explain why our Tip60 cKO phenotype appears to
be more uniform and more dramatic, with no spermatids seen. Another group recently
reported that depletion of the major H4K16 HAT MOF results in defective γH2A.X
domain formation over XY as well (2018d), which is consistent with a role for H4K16
acetylation in meiotic DDR and XY body formation.

Strikingly, the moderate synapsis defects and γH2A.X signaling abnormalities observed
in Tip60-deleted spermatocytes (Fig. 2-2) is highly reminiscent of the phenotype
observed in BRCA1 cKO spermatocytes (Broering et al., 2014). Yet TIP60 loss mediates
this phenotype without compromising BRCA1 localization to meiotic sex chromosomes
(Fig. 2-3), indicating that while TIP60 is not required for BRCA1 localization in meiotic
HR, it participates in the same processes as BRCA1 to help spermatocytes resolve DSBs
and initiate MSCI. That TIP60 is dispensable for BRCA1 localization to meiotic DSBs
was not unexpected, since other chromatin modifiers which are important for mitotic
BRCA1 recruitment are also dispensable for meiotic recruitment (Lu et al., 2013). One
major difference between meiotic DSB repair and mitotic DSB repair is that NHEJ is
inactive during meiosis, so in meiotic cells there is no competition between BRCA1 and
53BP1 loading. BRCA1 actually promotes 53BP1 loading in spermatocytes (Broering et
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al., 2014), likely via its regulation of DDR signaling on the XY body. Thus, meiotic cells
do not need to employ any mechanism to prevent 53BP1 from occupying DSBs and
blocking BRCA1 loading. An intriguing possibility is that the chromatin modifiers which
modulate BRCA1 loading in mitotic cells but not meiotic cells are engaged in mitotic
cells for the express purpose of limiting 53BP1 and its effectors at DSBs to alleviate their
blockade on BRCA1 and HR repair.

However, that model alone would not account for the role of TIP60 in meiotic HR.
Knockout of the other pro-BRCA1 loading chromatin modifiers, such as Rap80, do not
affect meiotic progression nor fertility (Yin et al., 2012), whereas Tip60 cKO
spermatocytes show exquisite sensitivity and fail to progress past pachytene phase.
Therefore, TIP60 may have a BRCA1-independent role in its regulation of meiotic HR,
and possibly mitotic HR as well.

VI.

Experimental Procedures

Tip60 f/f, Stra8-Cre mouse generation
Tip60 f/f mice (Fisher et al., 2016; Xiao et al., 2014) with loxp sites flanking exons 3 and
11, were crossed to Tg(Stra8-iCre)1Reb/J mice (JAX stock #008208). Testes were
collected from 2-3 month-old male littermates for analyses.
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Genotyping
Genotyping was performed by PCR on genomic DNA isolated from mouse tails or
embryo heads.
Primers used for TIP60 Forward: 5’-AGGGAGTCAACGATCGCACGGGAGG-3’,
Reverse: 5’-CACAGACAGGGAGTCTTAGCCAGGG-3’;
floxed allele yields a 359bp band, endogenous allele yields a 258bp band.
Primers used for Stra8-Cre #1: 5’-CTAGGCCACAGAATTGAAAGATCT-3’,
#2: 5’-GTAGGTGGAAATTCTAGCATCATCC-3’,
#3: 5’-AGATGCCAGGACATCAGGAACCTG-3’,
#4: 5’-ATCAGCCACACCAGACACAGAGATC-3’;
a 324bp band serves as internal control, Stra8-Cre positive genotype yields a 236bp band.
Primers used for ERT2-Cre #1: 5’-TACACCAAAATTTGCCTGCATTACCGG-3’,
#2: 5’-TTTCCATGAGTGAACGAACCTGGT-3’,
#3: 5’-GCATCAGCTAGCAGCAGGTCCAACT-3’,
#4: 5’-GACGCCACACTGGGTCTTCATCAGT-3’;
a 300bp band serves as internal control, ERT2-Cre positive genotype yields a 400bp
band.
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qRT-PCR from testicular tissue
Testes were flash frozen, then crushed with mortar and pestle into small granules. RNA
was Trizol-extracted from the granules, and cDNA was generated using the High
Capacity cDNA Reverse Transcription kit (Applied Biosystems). qPCR was performed
using SYBR Green (Invitrogen) on a Taqman 7900 machine with the ΔΔCt protocol.
Primers: mTIP60 Forward 5’-GCTGCTTATTGAGTTCAGCTATG-3’,
Reverse 5’-GGATCTCCAAGATGGTTTGG-3’ (43);
mGAPDH Forward 5’-GGTCATCCATGACAACTTTGG-3’,
Reverse 5’-ATGCAGGGATGATGTTCTGG-3’.

TUNEL assay
5µm testicular paraffin sections were dewaxed and rehydrated, then treated with
proteinase K prior to TUNEL labeling using the In Situ Cell Death Detection Kit POD
(Roche) per kit protocol.

Meiotic surface spreads
A small incision was made on the testis, through which seminiferous tubules were gently
extruded into plate of hypotonic extraction buffer (30mM Tris-HCl pH 8.2, 50mM
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sucrose, 17mM citrate, 5mM EDTA, 0.5mM DTT, 0.1mM PMSF) and incubated for one
hour on ice. The tubules were then finely minced on a glass depression slide containing
sucrose solution (100mM, pH 8.2) then transferred to a glass slide pre-dipped in PFA
solution (1% paraformaldehyde, 0.15% TX-100, pH 9.2). The tubule/PFA mix was
evenly spread over the surface of the slide by gentle tilting, then dried in a humidified
chamber for 2-3 hours. The slides were then washed in 0.4% Photoflo (EMS)/PBS, 0.4%
Photoflo/water, and air-dried prior to immunofluorescence. They were then washed with
0.4% Photoflo/PBS, 0.1% Triton-X/PBS, and blocked with Antibody Dilution
Buffer/PBS (0.3% BSA, 1% goat serum, 0.005% Triton-X) for 10 minutes at room
temperature. Primary antibodies were diluted in concentrated ADB (3% BSA, 10% goat
serum, 0.05% Triton-X), and the slides were incubated with diluted primary antibody
facedown on parafilm over a flat surface at room temperature overnight in a humidified
chamber. The next day they were washed with 0.4% Photoflo/PBS, 0.1% Triton X/PBS,
then ADB/PBS for 10 minutes prior to incubation with Alexafluor secondary antibodies
diluted 1:1000 in ADB at 37°C for one hour. Lastly the slides were washed with 0.4%
Photoflo/PBS, 0.4% Photoflo/water, then air-dried in the dark prior to mounting with
Vectashield + DAPI.

Antibodies
IFs: pS139-H2A.X (γH2A.X) (Millipore) 1:1000, rabbit anti-SCP3 (Abcam) 1:1000,
mouse anti-SCP3 (Abcam) 1:1000, SCP1 (Abcam) 1:100, 53BP1 (Novus) 1:100, BRCA1
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(custom generated) 1:100.
Western blots: mouse anti-TIP60 (Santa Cruz) 1:500, rabbit anti-GAPDH (Cell
Signaling) 1:5000.
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TIP60 cKO

Figure 2-1. Tip60 cKO testes display spermatogenic failure
(A) Schematic of TIP60 floxed allele. Important domains are represented as color-filled
rectangles. Numbers above the schema correspond to amino acid positions. CD =
chromodomain. Zn = Zinc-finger. CoA = acetyl CoA-binding domain. Stars denote loxp
sites. (B) Western blot of control vs. Tip60 cKO testicular extract. GAPDH is used as
loading control. (C) Representative image of gross testis from ctrl versus Tip60 cKO
littermates. (D) Quantification of testis weight normalized to total body weight. S.E.M.
error bars. n = 8. (E) Hematoxylin and eosin stain of paraffin sections of control (top
panel) and Tip60 cKO (bottom panel) testes. The white dotted circle demarcates where
spermatocytes transition to spermatids, with spermatogonia and spermatocytes outside
the circle, and spermatids and sperm inside the circle. (F) TUNEL stain of testicular
paraffin section. 10 µm scale bar. (G) Quantification of percentage of seminiferous
tubules with > 3 TUNEL positive cells. S.E.M. error bars. n = 2.
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Figure 2-2
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Figure 2-2. Depletion of TIP60 in early spermatocytes results in HR deficiency
during meiosis
(A) Immunofluorescence of meiotic surface spreads at pachytene stage. SCP3 marks the
chromosome axes, γH2A.X is a damage marker (concentrated on the asynaptic XY
body), and SCP1 marks synapsed chromosomes. The XY body, where visible, is
encircled by white dashed lines. 10 µm scale bar. (B) Quantification of percentage of
pachytene cells with the “normal” pattern for each protein. S.E.M. error bars. n = 3.
“Normal” for γH2A.X: spread over the entire XY body, absent from autosomes; for
SCP1: along axial elements of the autosomes, absent from XY.
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Figure 2-3
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Figure 2-3. Effect of TIP60 on meiotic HR is independent of BRCA1 and 53BP1
localization
(A) Immunofluorescence of meiotic surface spreads at pachytene stage. SCP3 marks the
chromosome axes. The XY body, where visible, is encircled by white dashed lines. 10
µm scale bar. (B) Quantification of percentage of pachytene cells with the “normal”
pattern for each protein. S.E.M. error bars. n = 3. “Normal” for 53BP1: spread over the
entire XY body, absent from autosomes; for BRCA1: along the axial elements of the XY
chromosomes, absent from autosomes.
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CHAPTER 3. PHOSPHORYLATION OF TIP60 SUPPRESSES 53BP1
LOCALIZATION AT DNA DAMAGE SITES

The majority of this chapter was published in Molecular and Cellular Biology (Li et al.,
2018).

I.

Introduction

DNA double-strand break (DSB) repair is conducted by distinct protein complexes that
either execute homology-directed repair or join free ends irrespective of homology.
Myriad regulatory mechanisms dictate the balance between these mechanisms. Cell
cycle-dependent phosphorylation of repair proteins is the most established determinant of
DSB repair mechanism (Hustedt and Durocher, 2016). The past decade has implicated
histone modification and chromatin remodeling as another key component of repair
balance (Dhar et al., 2017; Hauer and Gasser, 2017; Jeggo and Downs, 2014; Price and
D'Andrea, 2013). The pro-HR breast cancer susceptibility type 1 protein (BRCA1)
competes with p53-binding protein 1 (53BP1) for access to DSBs. Importantly, their
relative loading on differentially modified chromatin regulates repair mechanism
utilization, genome stability, cancer etiology, and response to PARP inhibition (PARPi)
(Bouwman et al., 2010; Bunting et al., 2010).
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The mammalian lysine acetyltransferase 60kDa Tat-Interactive Protein (TIP60) regulates
the balance between the two canonical DSB repair pathways through histone acetylation.
Loss of TIP60 or hypo-acetylation on TIP60 histone targets result in reduced DSB
association of BRCA1, and commensurate increases in 53BP1 at damage sites (Clarke et
al., 2017; Hsiao and Mizzen, 2013; Jacquet et al., 2016; Sivanand et al., 2017; Tang et al.,
2013). The proximal effect of TIP60 is to limit the accumulation of 53BP1 at DSBs.
53BP1 deficiency was able to restore BRCA1 ionizing radiation induced foci (IRIF)
formation and PARP inhibitor resistance in TIP60-depleted cells, indicating that TIP60
alleviates a 53BP1 block of BRCA1 DSB recognition (Tang et al., 2013). While the
underlying basis for these observations remains unknown, several putative TIP60
substrate acetylations have been proposed to antagonize 53BP1 binding to its cognate
recognition marks on histone H4 di-methylated at lysine 20 (H4K20me2) and histone
H2A ubiquitylated at lysine 15 (H2AK15ub) (Hsiao and Mizzen, 2013; Jacquet et al.,
2016; Tang et al., 2013). Structural evidence provides additional insights into how
TIP60-dependent histone acetylation could prevent 53BP1 recognition of damage
associated nucleosomes (Tang et al., 2013; Wilson et al., 2016). However, how regulation
of TIP60 activity affects these damage-associated histone modifications is unknown.
Additionally, whether the cell cycle influences TIP60-dependent repair is also not wellunderstood.

Nonhomologous end-joining (NHEJ) is active throughout interphase and is the dominant
mode of DSB repair in mammalian cells. 53BP1 protects the broken ends from resection,
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allowing for downstream ligation of the minimally processed DSB termini. During the S
and G2 phases of the cell cycle, a subset of DSBs are repaired by homologous
recombination (HR) (Rothkamm et al., 2003). During HR repair, the broken DNA ends
are resected to generate a single-strand overhang, enabling BRCA1 and BRCA2 to
nucleate Rad51 filaments for homology search and capture, followed by templated
synthesis to complete repair. DSB localization of the BRCA1 and 53BP1 are inversely
correlated, and BRCA1 levels at DSBs significantly increase in 53BP1-deficient cells
(Escribano-Díaz et al., 2013; Tang et al., 2013). 53BP1 displays more rapid association
with DSB chromatin, followed by a transition to BRCA1 at damage sites over time. This
has led to models that pro-HR regulatory modifications counteract the hyperaccumulation of 53BP1 at DSBs to create a permissive environment for BRCA1
(Chapman et al., 2012; Mok and Henderson, 2012).

While TIP60 HAT activity and substrates have been implicated in HR (Clarke et al.,
2017; Hsiao and Mizzen, 2013; Jacquet et al., 2016; Sivanand et al., 2017; Tang et al.,
2013), it is unclear whether this activity regulates DNA repair mechanisms in a cell
cycle-dependent manner. In this study, we report that phosphorylation of TIP60 at serines
90 and 86 (Lemercier et al., 2003; Mo et al., 2016) is important for effective HR by
suppressing 53BP1 accumulation at DSBs to promote BRCA1 loading in S and G2 cell
cycle phases. Mutation of these phosphorylation sites caused chromosomal abnormalities,
sensitivity to DNA damage, and altered histone acetylation dynamics after DNA damage.
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These findings support the importance of TIP60 for HR repair, and provide insight into
how its activity is fine-tuned during the cell cycle to regulate repair mechanism.

II.

Loss of TIP60 increases 53BP1 localization at DNA double-strand breaks
and end-joining

To study how TIP60 regulates 53BP1 accumulation at damage sites, we created a
tamoxifen-inducible TIP60 knock-out system. We crossed Tip60 f/f mice (Fisher et al.,
2016; Xiao et al., 2014) (schema in Fig. 3-1A) to ERT2-Cre mice (Ruzankina et al.,
2007) to generate Tip60 f/f; ERT2-Cre mice. Derivation of Tip60 f/f mouse embryonic
fibroblasts (MEFs) expressing ERT2-Cre enabled efficient TIP60 deletion following 4hydroxytamoxifen (4’OHT) treatment (Fig. 3-1B). TIP60 is essential in eukaryotes, and
as expected, conditional knockout (cKO) of TIP60 resulted in long-term clonogenic
failure of cells, even in the absence of damage (Fig. 3-1C). We thus used Tip60 cKO
cells within 2-3 days after 4’OHT addition for our experiments. Consistent with prior
reports (Clarke et al., 2017; Hsiao and Mizzen, 2013; Jacquet et al., 2016; Sivanand et al.,
2017; Tang et al., 2013), short-term TIP60 depletion led to increased 53BP1 and
decreased BRCA1 foci formation after ionizing radiation (IR) damage (Fig. 3-1D, E).
This perturbation in the BRCA1-53BP1 balance at DSBs correlated with sensitivity to
PARPi, which induces DNA damage that requires repair by HR in S-phase (Fig. 3-1F).
TIP60 deficiency also increased the frequency of chromosomal fusion events (Fig. 3-1G,
H), indicative of an HR defect coupled to an increase in toxic end-joining. These data
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validate previous results that TIP60 suppresses 53BP1 at DSBs to promote BRCA1
loading and HR (Clarke et al., 2017; Hsiao and Mizzen, 2013; Jacquet et al., 2016;
Sivanand et al., 2017; Tang et al., 2013).

III.

Serines 90 and 86 on TIP60 regulate DNA repair

HR is utilized for DSB repair during S and G2 phases of the cell cycle, whereas NHEJ is
available throughout interphase (Rothkamm et al., 2003). As a consequence, the
increase in 53BP1 loading and concomitant decrease in BRCA1 and HR observed upon
TIP60 deletion could be due to accumulation of cells in G1 phase of the cell cycle. To
address this possibility, we assessed the cell cycle profile of Tip60 cKO cells at two to
three days post-4’OHT addition, the time frame when immunofluorescence and
cytogenetic analysis experiments were performed. At two to three days post-deletion, the
Tip60 cKO cells did not demonstrate any significant differences in the percentage of cells
in G1, but rather began to show accumulation in G2 (Fig. 3-2A, B). This revealed that
TIP60 depletion-induced increase in 53BP1 foci and pathological end-joining is not due
to G1 arrest.

These results suggested that TIP60 could be regulating 53BP1 foci formation during S
and G2, a period of interphase that critically determines the competition between BRCA1
and 53BP1 dependent repair mechanisms. Interestingly, TIP60 activity has been
suggested to be cell cycle-regulated. Phosphorylation of TIP60 on serine 90 and/or serine
42

86 was reported to increase during late G2/M (Lemercier et al., 2003; Mo et al., 2016).
Serine 90 (S90) directs serine 86 (S86) phosphorylation, and both residues have been
implicated in regulating TIP60 acetyltransferase activity on histone and non-histone
targets (Brauns-Schubert et al., 2018; Charvet et al., 2011; Lemercier et al., 2003; Lin
et al., 2012; Nie et al., 2016). We hypothesized that these putative cell cycle-dependent
phosphorylation sites on TIP60 modulates its activity to limit the recruitment of 53BP1 to
damage sites and regulate DNA repair.

To test this hypothesis, Tip60 cKO MEFs were reconstituted with FLAG-HA tagged
empty vector (EV), wild-type (WT) TIP60, and phospho-dead serine to alanine mutants
on S90 and S86 (S90A and S86A). Consistent with the literature (Brauns-Schubert et
al., 2018; Charvet et al., 2011; Lemercier et al., 2003; Lin et al., 2012), mutation of
S90 abolished S86 phosphorylation on epitope-tagged TIP60 (Fig. 3-2C). These results
also validated the specificity of the phospho-specific TIP60 antibodies used. The S90A
mutation has been reported to cause chromosomal segregation defects that lead to G2
arrest (Mo et al., 2016), which is corroborated by our results. S90A mutantcomplemented Tip60 cKO cells accumulated in G2 over time, which correlated with
aneuploidy (Fig. 3-2D, E).
We then tested whether the phospho-dead mutants had impaired DNA repair capacity.
The Tip60 cKO cells reconstituted with WT TIP60 showed resistance to IR damage,
whereas those reconstituted with EV, S90A, or S86A remained sensitive to IR (Fig. 32F).
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IV.

Phosphorylation of S90 and S86 promote HR repair

To verify that the repair phenotype of S90A and S86A is due to defective
phosphorylation, we created serine to aspartate phospho-mimetic mutants (S90D and
S86D). TIP60 depletion resulted in greater damage signaling after etoposide treatment,
based on phosphorylated KAP1 (Fig. 3-3A). The increase in the amount of damage
sensed by the Tip60 cKO cell is attenuated by reconstitution with WT, S90D, and S86D
TIP60, but not by the HAT-deficient Q377E/G380E mutant “HD” (Ikura et al., 2000),
nor S90A and S86A. Taken together, these data indicated that phosphorylation at serines
90 and 86 contribute to TIP60 dependent DNA damage response functions.

After establishing a role for TIP60 S90 and S86 phosphorylation in DNA damage
responses, we turned to whether phosphorylation of these residues is responsible for
TIP60 regulation of the HR-NHEJ balance. Similar to the HAT-deficient HD mutant,
complementation with the S90A and S86A mutants fail to suppress 53BP1 foci formation
after IR, whereas complementation with S90D and S86D partially rescued inhibition of
53BP1 foci (Quantified in Fig. 3-3B). Accordingly, despite having no effect on BRCA1
protein level (Fig. 2C), S90A and S86A mutants failed to rescue BRCA1 foci, whereas
S90D and S86D were able to partially restore BRCA1 foci (Quantified in Fig. 3-3C).
Moreover, cells expressing either S90A or S86A TIP60 mutants demonstrated
hypersensitivity to PARPi, while those expressing S90D or S86D mutants displayed
relative resistance to PARPi (Fig. 3-3D). The PARPi sensitivity of S90A and S86A
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mutants correlated with increased frequency of chromosomal fusion events when these
cells were treated with PARPi, indicative of pathologic end-joining. The S90D and S86D
mutants, on the other hand, were able to partially suppress these toxic end-joining events
(Fig. 3-3E). Notably, in almost all cases, the S86D mutant showed a greater capacity for
rescue than the S90D mutant. This discrepancy could be due to the inability of the S90D
mutant to rescue S86 phosphorylation (Fig. 3-3A). S86 phosphorylation is dependent on
S90 phosphorylation, and is reportedly mediated by GSK3β recognition of an SxxS motif
(Charvet et al., 2011; Lin et al., 2012; Nie et al., 2016), which remains mutated in the
S90D mutant. These results demonstrate that phosphorylation on S90 and S86 mediates
TIP60-dependent suppression of 53BP1 localization at damage sites to inhibit toxic endjoining and promote HR.

V.

TIP60 phosphorylation suppresses 53BP1 foci formation during S-G2

Given that S90 and S86 are important for HR repair, we were curious whether these
phosphorylation events increase in response to damage. Exogenous FLAG-HA tagged
WT TIP60 did not show increased S90 or S86 phosphorylation in response to etoposide
treatment (Fig. 3-4A), indicating that phosphorylation of these residues on the exogenous
TIP60 is likely not damage-induced.

Both CDK1 (Lemercier et al., 2003; Mo et al., 2016) and CDK9 (Brauns-Schubert et al.,
2018) have been reported to be the kinase responsible for phosphorylation of S90. CDK1
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activity increases during S/G2, and CDK1 is proposed to promote end-resection and HR
via multiple mechanisms, including phosphorylation of the pro-HR endonuclease CtIP
(Escribano-Díaz et al., 2013; Symington and Gautier, 2011). We postulated that CDK1
phosphorylation of TIP60 S90 during S/G2 may be another mechanism for inhibition of
53BP1 during these phases of the cell cycle. However, inhibition of CDK1 or CDK9 did
not dramatically reduce pS90 on ectopically expressed WT TIP60 (Fig. 3-4B, C). This
suggests that additional kinases are involved in maintaining phosphorylation of these
sites.

Although CDK1 inhibition failed to abolish TIP60 pS90, we found that TIP60 pS86
increased in G2 (Fig. 3-4B). Prolonged CDK1 inhibition causes cells to accumulate in
G2, and consistent with suggestions from a prior report (Lemercier et al., 2003), we
observed that the exogenous epitope-tagged WT TIP60 becomes hyper-phosphorylated at
S86 after 18 hours of CDK1 inhibition, when cell are enriched in G2 phase of the cell
cycle (Fig. 3-4B). This data demonstrates that TIP60 phosphorylation is cell cycleregulated, albeit via a CDK1-independent mechanism.

Based on prior studies (Lemercier et al., 2003; Mo et al., 2016), and given that pS86
increases in G2 (Fig. 3-4B), we postulated that TIP60 phosphorylation enhances its
activity during S and G2. To determine whether TIP60 regulation of repair mechanism
during S/G2 is mediated by phosphorylation, we devised an approach to identify late S
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and G2 cells in an asynchronous population for repair foci quantification (Fig. 3-4D and
Methods). We were able to identify late S and G2 phase by transiently labeling cells with
EdU for one hour, followed by changing to media lacking EdU, and harvesting three
hours later. EdU positivity indicated cells that had transitioned from early S to late S/G2
(Fig. 3-4D). In Tip60 cKO cells, reconstitution with WT TIP60 reduced 53BP1 foci
number and intensity, whereas reconstitution with EV or S90A resulted in elevated
53BP1 foci formation, particularly in EdU+ cells (Fig. 3-4F). In accordance, reconstituted
WT TIP60 rescued BRCA1 foci number and intensity, whereas reconstituted EV or S90A
failed to restore BRCA1 foci formation, especially in EdU+ cells (Fig. 3-4G). These
results indicate that phosphorylation is important for TIP60 suppression of 53BP1
localization to damage sites during late S/G2.

VI.

TIP60 S90 and S86 are dispensable for viability, NuA4 complex
formation, and recruitment to damage sites

Although S90A and S86A have been reported to affect TIP60 HAT activity (BraunsSchubert et al., 2018; Charvet et al., 2011; Lemercier et al., 2003; Lin et al., 2012; Nie et
al., 2016), mutation of these phospho-serine residues does not affect cell viability over
the long-term (Fig. 3-5A) (Brauns-Schubert et al., 2018). Unlike the HD mutation, the
S90A and S86A mutations did not significantly reduce TIP60 association with other
members in the NuA4 remodeling complex by immunoprecipitation (Fig. 3-5B) or by
complex purification-mass spectrometry (Fig. 3-5C). Thus S90A and S86A are
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dispensable for cell viability and macromolecular complex formation despite being
impaired in DSB repair activities.

A recently published report suggests that the S90A mutant fails to localize to the
chromatin (Brauns-Schubert et al., 2018), which accounts for its hypomorphic activity.
To determine whether the S90A HR defect is due to failure to recruit to DSBs, we
employed a proximity ligation assay (PLA) to assess co-localization between TIP60
variants and 53BP1 at defined DSBs. This approach allows us to detect weak
interactions, which are magnified by the PCR step of the PLA assay, at a specific locus in
the genome. We stably expressed epitope-tagged WT and mutant TIP60 in the previously
published LacI-FokI cell line (Tang et al., 2013) (Fig. 3-5D, E), where many DSBs can
be inducibly created at a single locus in the cell and visualized by mCherry fluorescence
(Shanbhag et al., 2010; Tang et al., 2013). Co-localization between TIP60 and 53BP1 is
detected by the PLA reaction coupled to a green fluorophore (see cartoon in Fig. 3-5F).
We chose 53BP1 as the PLA “bait” as it is reliably recruited to damage sites, and the
commercial 53BP1 antibody that we use has high sensitivity and specificity for imagingbased assays. Thus, a mCherry focus which lacks an overlapping green PLA focus
indicates that TIP60 and 53BP1 do not co-localize to that damage site, whereas a
mCherry focus that is also PLA+ represents a damage site where both TIP60 and 53BP1
are recruited. This approach ensures that we are detecting TIP60 localization specifically
at damage sites rather than elsewhere in the genome by two means: 1) the site of the
LacI-FokI DSBs is mCherry+, and 2) PLA+ signal indicates that 53BP1 is also recruited
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there. The PLA+ foci that do not overlap with mCherry foci are either background signal,
or instances of TIP60-53BP1 interaction elsewhere in the genome, and are excluded from
the analysis.

While the reporter cells complemented with empty vector show minimal PLA signal, all
the TIP60 variants show co-localization with 53BP1 at damage sites (Fig. 3-5G, H),
indicating that the S90A and S86A mutants are competent to recruit to DSBs, making
them useful separation-of-function mutants for studying TIP60 DNA repair activities.

VII.

S90 facilitates TIP60-dependent acetylation of histones after damage

Given that S90 and S86 phosphorylation may be important for TIP60 HAT activity
(Brauns-Schubert et al., 2018; Charvet et al., 2011; Lemercier et al., 2003; Lin et al.,
2012; Nie et al., 2016), we sought to determine how mutations at these sites affects
histone acetylation dynamics during the damage response. TIP60 reportedly acetylates
nucleosomal histones H4, H2A, and the H2A variants H2A.X and H2A.Z (Altaf et al.,
2010; Ikura et al., 2000; 2007; Keogh et al., 2006). In Tip60 cKO cells, we found that
TIP60 loss affects both global H4K16ac and H2A.Z K4/K7ac after IR damage, and that
the S90A mutant appears to partially rescue H2A.Zac, but not H4K16ac (Fig. 3-6ABC).
This result is corroborated by mass spectrometry analysis of bulk histone modifications
after cells were damaged by etoposide treatment (Fig. 3-6D, E). Although reconstitution
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with WT TIP60 had a greater effect on H2A.ZK7ac than on H4K16ac, the S90A mutant
had more pronounced deficiency in H4K16ac than in H2A.Zac.

To test whether similar dynamics are occurring locally at defined DSBs, we stably
expressed epitope-tagged versions of WT and mutant TIP60 in the dox-inducible LacIFokI nuclease reporter cell line (Tang et al., 2013) and performed chromatin
immunoprecipitation (ChIP) followed by qPCR using primers near the nuclease cut site
(Fig. 3-6F). In agreement with the bulk histone data, ChIP-qPCR showed that after
normalizing to total H4 and total H2A.Z respectively, WT TIP60 over-expression
increased the local levels of H4K16ac and H2A.Zac at DSB chromatin. Over-expression
of the HD mutant failed to increase either, and over-expression of the S90A mutant failed
to increase H4K16ac but was able to partially increase H2A.Zac (Fig. 3-6G). This
suggests that S90 phosphorylation is important for TIP60 HAT activity during the
damage response.

VIII. Protein associated with wild-type versus mutant TIP60
Although phosphorylation of TIP60 S90 and S86 has been known for years to be
important for its activity (Charvet et al., 2011; Lemercier et al., 2003; Lin et al., 2012;
Mo et al., 2016), it’s not clear how modification of these residues mediates this effect.
The residues are not within any annotated domains, and presently there is no structural
data that includes these amino acids. Since dynamic phosphorylation changes frequently
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mediate protein-protein interactions, we hypothesized that phosphorylation of S90 and
S86 directs TIP60 association with non-canonical partners in response to stressors and
stimuli to enhance NuA4 activity. Some of these non-canonical binding partners may also
be non-histone TIP60 acetylation targets that also participate in DNA repair.

To identify such partners/substrates, we tandem affinity-purified complexes using FLAGHA tagged TIP0 WT, S90A, and S86A as baits (Fig. S3-1A), and submitted the purified
products for mass spectrometry analysis. We compared the relative abundance of proteins
associated with WT TIP60 at baseline versus after damage (Fig. S3-1B), damaged TIP60
WT versus TIP60 S90A (Fig. S3-1C), and damaged TIP60 WT versus TIP60 S86A (Fig.
S3-1D).

A number of hits exhibited differential association with the bait in the conditions that
were compared. Interestingly, the WD Repeat-containing protein 3 (WDR3) appears to
normally dissociate from TIP60 WT after damage (Fig. S3-1B), but remains associated
with S90A and S86A mutants (Fig. S3-1C, D). Glycogen synthase 1 (GYS1), on the other
hand, demonstrates decreased association with the S90A and S86A mutants compared to
WT (Fig. S3-1C, D), although its association with WT does not appear to significantly
change in response to damage (Fig. S3-1B). Cytoskeleton Associated Protein 2 (CKAP2)
and Spermatogenesis Associated 5 Like 1 (SPATA5L1) also show decreased association
with the phospho-dead mutants, although very few peptides of these proteins were found
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(data not shown). Further investigation into whether these proteins influence repair and
their relationship to TIP60 could enrich our understanding of how repair mechanism is
regulated.

IX.

Discussion

Tip60 cKO cells recapitulate the phenotypes of earlier reports with TIP60 knockdown by
siRNA (Fig. 3-1) (Clarke et al., 2017; Hsiao and Mizzen, 2013; Jacquet et al., 2016;
Sivanand et al., 2017; Tang et al., 2013), corroborating TIP60-dependent histone
acetylation and prevention of 53BP1 hyper-accumulation at DSBs. Our findings further
reveal a previously unappreciated communication between cell cycle-dependent
phosphorylation and acetylation during the damage response (Fig. 3-2, 3, 4 and 6)
(Lemercier et al., 2003; Mo et al., 2016). Similar to a recent report (Brauns-Schubert et
al., 2018), S90A and S86A mutations did not affect TIP60 binding to other canonical
complex members, nor long-term proliferation (Fig. 3-5). Thus, phosphorylation of
TIP60 S90 and S86 controls a subset of TIP60-dependent functions, and the S90A and
S86A mutants present useful tools for studying TIP60 with fewer confounding effects
elicited by loss of viability in complete Tip60 null cells.

Multiple mechanisms ensure the timely activation of HR in S/G2, including CDKdependent phosphorylation of end resection proteins, and ubiquitin-dependent association
of BRCA1 and 53BP1 with key interacting partners (Hustedt and Durocher, 2016). TIP60
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pS86 increased when cells were enriched in G2 (Fig. 3-4B), consistent with a model of
cell cycle regulation of TIP60 phosphorylation first proposed over a decade ago
(Lemercier et al., 2003). Indeed, TIP60 loss had a greater effect on 53BP1 and BRCA1
foci formation in S/G2 cells than in G1 cells (Fig. 3-4DEFG). Taken together, these data
implicate phosphorylation-directed TIP60 HAT activity in the cell cycle control of DSB
repair mechanism during S and G2.

The effect of S90 and S86 on histone acetylation is of particular interest, since these
residues have been shown to regulate TIP60 activity on both histone and non-histone
targets (Charvet et al., 2011; Lemercier et al., 2003; Lin et al., 2012; Mo et al., 2016).
However, it is unclear how these phosphorylations affect TIP60 function. Recent work
propose that S90A fails to bind chromatin, whereas S86A does bind chromatin, yet
intrinsically diminishes HAT activity (Brauns-Schubert et al., 2018). Although S90A
slows down cell proliferation in the short-term, cells recovered over the long-term and
had no viability nor partner-binding issues (Brauns-Schubert et al., 2018), consistent with
our observations (Fig. 3-5A, B). This suggests that it is unlikely that S90A cannot
localize to chromatin, as TIP60 is essential. In agreement, S90A, similar to the other
TIP60 variants, was capable of recruiting to damage sites (Fig. 3-5G, H) and partially
rescued H2A.Z acetylation (Fig. 3-6). These properties could explain why the Tip60 cKO
+ S90A cells are viable, whereas the HD mutant is not. Importantly, they support a model
that S90A acts as a separation of function mutant, unlike the pan-HAT deficient HD
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mutant which fails to rescue survival, partner binding, or acetylation at damage sites (Fig.
3-5A, B; Fig. 3-6G).

Histone acetylation changes dynamically in response to DNA damage (Miller et al.,
2010; Price and D'Andrea, 2013; Tamburini and Tyler, 2005) (Fig. 3-6ABC). In
comparison to 53BP1, BRCA1 exhibits delayed DSB recruitment that maximizes
between four to eight hours after damage. Thus, changes in histone acetylation dynamics
may offer insight into which acetylation marks are responsible for 53BP1 versus BRCA1
DSB association. Our finding that S90A mutation has a greater impact on acetylation of
histone H4 and H2A.Z at later times post-damage (Fig. 3-6ABC) is consistent with the
involvement of these particular substrates in the temporal regulation of BRCA1 and
53BP1 localization. Further work on how acetylation of these histone tails prohibits
53BP1 binding could inform our understanding of how repair pathway choice is regulated
in specific regions of the genome with different chromatin contexts.

In addition to histone acetylation, phosphorylation of TIP60 could also affect its
acetylation of non-histone targets. Our complex purification studies produced candidate
partners and substrates whose association with TIP60 was differentially regulated by
damage status and phosphorylation status (Fig. S3-1). WDR3 dysregulation is associated
with thyroid cancer (Akdi et al., 2010; García-Quispes et al., 2012), with the observation
that patients with WDR3 mutations show decreased bi-nucleated cells with micronuclei
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formation after irradiation damage (García-Quispes et al., 2012). It was also shown to
regulate cell cycle progression in transformed cells in a p53-dependent manner
(McMahon et al., 2010). GYS1 has also been implicated in cancers (Bhanot et al., 2015;
Falantes et al., 2015; Iida et al., 2012; Mutlu et al., 2016). Like TIP60, it is a target of
GSK3β phosphorylation (2018e). These hits present interesting candidates for further
investigation into how TIP60 regulates repair in histone-independent manners.

X.

Experimental Procedures

TIP60 f/f, ERT-2 Cre MEF derivation
TIP60 f/f mice (Fisher et al., 2016; Xiao et al., 2014) (gift from Dr. John Lough), with
loxp sites flanking exons 3 and 11, were crossed to Cre-ERT2 B6.Cg-Tg(UBCcre/ERT2)1EjB/J strain (Ruzankina et al., 2007) (gift from Dr. Eric J. Brown) until TIP60
f/+, ERT2-Cre mice were generated. Timed matings between TIP60 f/+, ERT2-Cre mice
were set up, and pregnant females sacrificed for E13.5 embryos. TIP60 f/f, ERT2-Cre
mouse embryonic fibroblasts were derived using standard procedures, and immortalized
by transfection with SV40 large T antigen followed by serial passage.

Genotyping
Genotyping was performed by PCR on genomic DNA isolated from embryo heads.
Primers used for TIP60 Forward: 5’-AGGGAGTCAACGATCGCACGGGAGG-3’,
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Reverse: 5’-CACAGACAGGGAGTCTTAGCCAGGG-3’;
floxed allele yields a 359bp band, endogenous allele yields a 258bp band.
Primers used for ERT2-Cre #1: 5’-TACACCAAAATTTGCCTGCATTACCGG-3’,
#2: 5’-TTTCCATGAGTGAACGAACCTGGT-3’,
#3: 5’-GCATCAGCTAGCAGCAGGTCCAACT-3’,
#4: 5’-GACGCCACACTGGGTCTTCATCAGT-3’;
a 300bp band serves as internal control, ERT2-Cre positive genotype yields a 400bp band.

Irradiation
Irradiation of cells was performed using a Gammacell 40 irradiator (Nordion
International) using Cesium-137 source.

MEF immunofluorescence
MEFs plated on coverslips were rinsed with PBS, then pre-extracted with 10mM PIPES,
pH 6.8, 100mM NaCl, 300mM sucrose, 3mM MgCl2, 0.5% Triton-X in PBS for five
minutes at 4°C. They were then washed with PBS prior to fixation with 3%
paraformaldehyde and 2% sucrose pH 7.4 in PBS for 15 minutes at room temperature.
After fixation the coverslips were washed with PBS, then permeabilized with 150mM
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NaCl, 5mM EDTA, 50mM Tris-HCl pH 7.4, 0.05% NP40, 0.25% gelatin, 0.5% Triton-X
in PBS for ten minutes at 4°C. They were then washed with PBS-T and incubated with
primary antibodies diluted in PBS-T at 37°C for 30 minutes. After primary incubation the
coverslips were rinsed with PBS-T, then incubated with Alexafluor secondary antibodies
diluted 1:500 in PBS-T at 37°C for 30 minutes. Finally, they were rinsed with PBS-T
prior to mounting with Vectashield + DAPI. Foci per cell in EdU+ versus EdU- cells was
quantified by particle analysis on thresholded images using ImageJ.

Whole cell lysate extraction and western blot
Whole cell lysates are extracted from cell pellets using a high salt lysis buffer (25mM
Tris-HCl pH 7.4, 300mM NaCl, 1mM EDTA, 1% Triton-X, 1mM PMSF). The samples
are run on gradient SDS-PAGE gels (Invitrogen) in MOPs buffer, wet-transferred onto
nitrocellulose membrane, and blocked with 1:1 mix of TBS-T to LiCor Odyssey
Blocking Buffer. They were then incubated with diluted primary antibodies in TBS-T
overnight at 4°C, washed with TBS-T, then incubated with secondaries (LiCor antimouse IRDye 680 and anti-rabbit IRDye 800, 1:10,000) diluted in 1:1 mix of TBS-T to
LiCor Odyssey Blocking Buffer. The blots were then imaged using a LiCor Odyssey 675
machine, scanning at 700nm and 800nm wavelengths. Brightness and contrast were
adjusted in LiCor. Images were prepared for publication using ImageJ.

Clonogenic and PARPi sensitivity assays
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48 hours after 4’OHT addition or mock treatment, the cells were seeded at varying
densities in 6-well plates, depending on cell line and intended drug treatment dose.
Technical triplicates were plated for all conditions. 24 hours later the media was removed,
and fresh media containing varying concentrations of olaparib were added to the cells.
The plates were collected 10-12 days later and stained with crystal violet prior to
quantification.

Metaphase spreads
48 hours after 4’OHT addition or mock treatment, 5µM olaparib was added to the cells.
21 hours later 0.5 µM nocodazole was added to arrest cells in metaphase. 3 hours after
nocodazole addition the supernatant as well as the adherent cells were collected. They
were incubated with 75mM KCl for 25 minutes in 37°C, spun down, then fixed with 3:1
mix of methanol/acetic acid at 4°C for more than ten minutes prior to being spun down
for spreading. Glass slides were soaked in methanol, then placed in 42°C humidity
chambers. Small concentrated droplets of fixed cells were dropped from height onto the
slides in humidity chambers, then air-blown to spread. After multiple droplets are
dropped and spread to cover the surface of the slide, the slides were removed from the
humidity chambers to air dry at room temperature. They were then stained with GIEMSA
for eight minutes at room temperature, washed with water, and air-dried prior to
mounting with Permount (Fisher).
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Cell cycle analyses
Cells are fixed in 70% ice-cold ethanol at -20C for longer than an hour. They were then
spun down and resuspended in 200µl PBS containing RNAse A and propidium iodide
and stained at room temperature for longer than 30 minutes. The samples were then run
through a FLOW cytometry machine.

Generation of FLAG-HA tagged TIP60 constructs and cell lines
Wild-type or “HAT-dead” Q377E/G380E (HD) human TIP60 (gifts from Dr. Brendan
Price) were sub-cloned into the retroviral pOZ-N vector, with N-terminal FLAG-HA tag
and IL2-receptor selection. pOZ-TIP60 WT served as template to generate S90A, S90D
S86A, and S86D mutants using the Q5 Site-Directed Mutagenesis Kit (NEB). TIP60 f/f,
ERT2-Cre MEFs and HeLa S3s were infected with virus containing the different pOZ
constructs per standard procedures, and selected using IL2-conjugated magnetic beads.

EdU labeling of MEFs for FLOW analysis
Four hours prior to collection, 10µM EdU was added to the cells. After one hour of
incubation, EdU was washed off, and fresh media added. Three hours later the cells were
collected for labeling and FLOW. Cells were fixed in 70% ice-cold ethanol at -20°C for
one hour. They were then spun down and washed with 0.5% BSA and 0.5% Tween-20 in
PBS. Then they were blocked with 1% BSA, 0.25% Triton-X in PBS for 15 minutes at
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4°C. Then they were EdU labeled per the Click-iT EdU Alexa Fluor 647 Flow Cytometry
Assay Kit (Thermo Fisher). After EdU labeling the cells were incubated with propidium
iodide and RNAse A in PBS for more than 30 minutes before FLOW analysis.

EdU labeling of irradiated MEFs for immunofluorescence
MEFs seeded on coverslips were irradiated five hours prior to collection. One hour later,
10µM EdU was added to the cells. After one hour of incubation, EdU was washed off,
and fresh media was added. Three hours later the cells were collected for Click-iT
fluorescent EdU labeling and immunofluorescence. The MEFs were pre-extracted and
permeabilized per immunofluorescence procedure described above. They were then
washed with 3% BSA/PBS-T, and incubated with Click-iT cocktail per Click-iT Cell
Reaction Buffer Kit (Invitrogen) protocol. EdU was labeled with an azide-modified
488nm fluorophore. The coverslips were then washed with 3% BSA/PBS-T and
counterstained with BRCA1 or 53BP1 followed by an Alexafluor 568nm secondary
antibody. The colors of EdU versus protein were switched post-hoc in ImageJ such that
EdU is visualized in red, and BRCA1 or 53BP1 in green.

Immunoprecipitation
HeLa S3 cells stably expressing FLAG-HA tagged TIP60 constructs were lysed in a Cell
Lysis Buffer (10mM Tris-HCl, 10mM NaCl, 1mM EDTA, 0.05% NP40, 1mM PMSF) on
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ice for ten minutes. Then they were spun down, supernatant removed, and resuspended in
a Nuclear Lysis Buffer (25mM Tris-HCl, 100mM NaCl, 1mM EDTA, 1% Triton-X,
1mM PMSF) and lysed on ice for ten minutes. The nuclear lysate was pre-cleared with
Protein A agarose beads (Fisher) for two hours at 4°C. Pre-cleared lysate was then
incubated with FLAG-M2 beads (Sigma-Aldrich) overnight at 4°C. After multiple
washes with Nuclear Lysis Buffer, protein was eluted off the beads using 0.2mg/ml
FLAG peptide (Sigma) for one hour at 4°C, and western blots performed as described
above.

Complex purification
Two liters of HeLa S3 cells stably expressing FLAG-HA tagged TIP60 constructs were
pelleted, then resuspended in hypotonic buffer (10mM Tris-HCl pH 7.4, 7.5mM KCl,
1.5mM MgCl2) on ice for 15 minutes. The swollen cells were lysed by douncing. Nuclei
were spun down, then lysed in KETNG-400 buffer (400mM KCl, 20mM Tris-HCl pH 7.4,
0.5mM EDTA, 0.1% NP40, 1.5mM MgCl2, 10% glycerol) for 45 minutes at 4°C. The
lysate was spun down at max speed, and supernatant dialyzed against two liters of
KETNG-100 at 4°C for longer than three hours. Dialyzed lysate was spun down at max
speed again, and the supernatant was incubated with FLAG-M2 beads (Sigma-Aldrich)
for longer than three hours at 4°C. The beads were washed, then eluted with 0.2mg/ml
FLAG peptide (Sigma) for one hour at 4°C. The eluate was incubated with EZView Red
HA beads (Sigma-Aldrich) for longer than two hours at 4°C. The HA beads were then
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washed, and eluted with 100mM Glycine pH 2.5. The eluate was neutralized with Tris
pH 8.8, and TCA-precipitated per standard procedures. Lyophilized eluate was submitted
to the Taplin Mass Spectrometry Facility at Harvard University for mass spectrometry
analysis.

Proximity Ligation Assay
mCherry-LacI-FokI U2OS reporter cell lines (Tang et al., 2013) stably expressing FLAGHA tagged WT and mutant TIP60 (in pOZ-N vector) were seeded onto round coverslips
in 24-well plates. On the day of the experiment, they are treated with Shield1 ligand and
4’OHT for 4-6 hours to induce damage. The cells were then rinsed with PBS, and fixed in
3% paraformaldehyde and 2% sucrose pH 7.4 in PBS for 15 minutes at room temperature.
The coverslips were then washed with PBS, and permeabilized with 0.5% Triton-X in
PBS for five minutes at 4°C. After permeabilization they were washed twice with PBS-T
(0.2% Tween), and PLA was performed using the Sigma-Aldrich Duolink In Situ PLA
kit per the manufacturer’s instructions. Briefly, the cells on coverslips were blocked for
one hour at 37°C, then incubated with anti-HA and anti-53BP1 primary antibodies for
one hour at room temperature. Anti-rabbit MINUS probe and anti-mouse PLUS probe
were then applied to the coverslips for one hour at 37°C, followed by ligation of the
probes for 30 minutes at 37°C. Rolling circle amplification with fluorophore conjugation
was then performed at 37°C for 100 minutes at 37°C. The coverslips were then mounted
with Vectashield + DAPI stain, and images acquired on fluorescence microscope.
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Histone extraction and western blot
MEFs were lysed with the NIB-250 buffer (15mM Tris-HCl pH 7.5, 60mM KCl, 15mM
NaCl, 5mM MgCl2, 1mM CaCl2, 250mM sucrose) + 0.3% NP40 and inhibitors (PMSF,
DTT, sodium butyrate, and sodium orthovanadate) at a ratio of 10:1. The nuclei were
then rinsed with NIB-250 without NP40 followed by acid extraction with 0.4N sulfuric
acid for longer than three hours at 4°C. The histone-containing supernatant was then
TCA-precipitated on ice for one hour, washed with acetone, then air-dried prior to
solubilization with water and western blot analysis. The histone samples were run on
SDS-PAGE gel (Invitrogen) in MES buffer.

Histone preparation and mass spectrometry analysis
Extracted histones were chemically derivatized and digested to tryptic peptides to make
them amenable for bottom-up mass spectrometry as described earlier (Sidoli et al., 2016).
The derivatized samples were desalted prior LC-MS analysis using C18 Stage-tips. For
mass spectrometry, the peptides were separated using a 75 µm ID x 17 cm Reprosil-Pur
C18-AQ (3 µm; Dr. Maisch GmbH, Germany) nano-column fitted on an EASY-nLC
nanoHPLC (Thermo Scientific, San Jose, Ca, USA). The HPLC gradient comprising 2%
to 28% solvent B (A = 0.1% formic acid; B = 95% MeCN, 0.1% formic acid) over 45
minutes, from 28% to 80% solvent B in 5 minutes, 80% B for 10 minutes at a flow-rate
of 300 nL/min was used. This nLC was coupled online to an LTQ-Orbitrap Elite mass
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spectrometer (Thermo Scientific) and data-independent acquisition (DIA) was used to
acquire data (Sidoli et al., 2015). Briefly, full scan MS (m/z 300−1100) was acquired in
the Orbitrap with a resolution of 120,000 (at 200 m/z) and an AGC target of 5x10e5.
MS/MS was done in in centroid mode in the ion trap with sequential isolation windows
of 50 m/z with an AGC target of 3x10e4, a CID collision energy of 35 and a maximum
injection time of 50 msec. Data were analyzed using the in-house software, EpiProfile
(Yuan et al., 2015) wherein the peptide relative ratio was calculated using the total area
under the extracted ion chromatograms of all peptides with the same amino acid sequence
(including all of its modified forms) as 100%.

Chromatin immunoprecipitation-qPCR (ChIP-qPCR)
Dox-inducible LacI-FokI U2OS reporter cell lines (Tang et al., 2013) stably expressing
FLAG-HA tagged WT and mutant TIP60 were pre-treated with doxycycline to induce
transcription and histone acetylation at the LacO-transgene locus. After three hours of
doxycycline treatment, damage was induced with Shield1 ligand and 4’OHT addition.
Alternatively, in the “TSA control” condition, instead of inducing damage, the cells were
treated with the HDAC inhibitor trichostatin A instead. After 4-6 hours of damageinduction or TSA treatment, the cells were cross-linked with methanol-free formaldehyde
in PBS (final concentration 1%) for five minutes. Crosslinking was then stopped by
incubation with glycine (final concentration 0.125 M) for five minutes. Cells were then
spun down, washed with PBS, and lysed in 10mM Tris, pH 8.0, 10mM NaCl, 0.2% NP64

40 plus PMSF and protease inhibitors on ice for 10 minutes. The isolated nuclei were
then flash frozen and stored in -80°C. The next day the nuclei were thawed on ice,
resuspended in 10mM Tris pH 8.1, 1mM EDTA, 0.1% SDS and sonicated in a Covaris S220 sonicator to obtain approximately 250–600 bp chromatin fragments. Chromatin
fragments were diluted with 20mM Tris pH 8.1, 2mM EDTA, 150mM NaCl, 1% Triton
X-100, 0.01% SDS to final 1ml buffer/IP + 10% leftover for input. The diluted chromatin
was pre-cleared with pre-bound rabbit IgG antibody/protein-G magnetic beads (Pierce)
for two hours at 4°C, then incubated with pre-bound antibody-protein G magnetic beads
overnight at 4°C. The next day the beads were washed once in 20mM Tris, pH 8.1, 2mM
EDTA, 50mM NaCl, 1% Triton X-100, 0.1% SDS, twice in 20mM Tris, pH 8.1, 2mM
EDTA, 500mM NaCl, 1% Triton X-100, 0.01% SDS, once in 10mM Tris, pH 8.1, 1mM
EDTA, 0.25M LiCl, 1% NP-40, 1% deoxycholic acid, and twice in TE buffer (10 mM
Tris-HCl, pH 8. 0, 1 mM EDTA). Washed beads were eluted twice with 100 µL of
elution buffer (1% SDS, 0.1M NaHCO3) and reverse-crosslinked with 0.1 mg/ml RNase,
0.3 M NaCl and 0.3 mg/ml Proteinase K at 65°C overnight. The DNA samples were
purified by phenol-chloroform extraction, and qPCR with a standard curve protocol was
carried out on an ABI 7900HT instrument using the SYBR Green detection system.
The primers used were Forward: 5’-GGCATTTCAGTCAGTTGCTCAA-3’,
Reverse: 5’-TTGGCCGATTCATTAATGCA-3’.

Antibodies
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IFs: rabbit anti-53BP1 (Novus) 1:1000, rabbit anti-BRCA1 (Millipore) 1:1000 or mouse
anti-BRCA1 C-9 (Santa Cruz) 1:100.
PLA: mouse anti-HA.11 (Covance) 1:1000, rabbit anti-53BP1 (Novus) 1:1000
Western blots: mouse anti-TIP60 (Santa Cruz) 1:500, rabbit anti-GAPDH (Cell
Signaling) 1:5000 or mouse anti-GAPDH (Cell signaling) 1:2000, custom-generated
rabbit anti-mBRCA1 antibody, rabbit anti-TIP60 pS86 (Abcam) 1:500, rabbit anti-TIP60
pS90 (GeneTex) 1:500, rabbit anti-p400 (Abcam) 1:200, rabbit anti-EPC1 (Bethyl) 1:500,
rabbit anti-HA (Cell Signaling) 1:1000, rabbit anti-H2A.Z K4/K7ac (Cell signaling)
1:1000, rabbit anti-H2A.Z (Cell signaling) 1:500, rabbit anti-H4K16ac (Active Motif)
1:2000, H4 K5/K8/K12/K16ac (Millipore) 1:2000, mouse anti-H4 (Cell signaling) 1:200.
ChIP: rabbit anti-H4K16ac (Active Motif), rabbit anti-H4 (Millipore), rabbit anti-H2A.Z
K4/K7ac (Cell signaling), rabbit anti-H2A.Z (Abcam).

Statistics
Mann-Whitney tests were performed using the Graphpad Prism 7 software. Error bars
plotted are for S.E.M. p-value asterisks: * <0.05, ** <0.01, ** * <0.001, *** * <0.0001.
Comparisons are made to control unless otherwise indicated by a black bar between the
two conditions that are being compared.
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Fig. 3-1: Loss of TIP60 increases 53BP1 localization at DSBs and end-joining
(A) Schematic of TIP60 domains and loxP sites on the Tip60 fl allele. For targeting
scheme see (Fisher et al., 2016). Functional domains are represented as color-filled
rectangles. Numbers above the diagram correspond to amino acid positions. CD =
chromodomain. Zn = Zinc-finger. CoA = acetyl CoA-binding domain. Stars denote loxP
sites. (B) Western blot of TIP60 in Tip60 f/f, ERT2-Cre MEFs with no treatment (no tx)
versus after 2-3 days of 4-hydroxytamoxifen (4’OHT) treatment. GAPis used as loading
control. (C) Plating efficiency of indicated MEFs in the absence of damage as measured
by clonogenic assay. cKO = TIP60 conditional knockout by OHT treatment. S.E.M. error
bars. n = 15. (D) Immunofluorescence images of 53BP1 and BRCA1 protein localization
at 5h post-10Gy ionizing radiation (IR) in MEFs. 10 µm scale bar. (E) Quantification of
percentage of cells with more than 5 foci at different time points post-IR. S.E.M. error
bars. n = 3. (F) Survival of MEFs treated with different doses of the PARP inhibitor
olaparib as measured by clonogenic assay. S.E.M. error bars. n = 4. (G)
Photomicrographs illustrating chromosomal breaks and fusions on MEF metaphase
spreads. (H) Quantification of chromosomal abnormalities on metaphase spreads after
olaparib treatment. S.E.M. error bars. n = 5.
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Fig. 3-2: Serines 90 and 86 on TIP60 regulate DNA repair
(A) Representative cell cycle FLOW profiles of Tip60 f/f, ERT2-Cre MEFs at 2-3 days
post no treatment versus OHT treatment. Green fill-in = G1; yellow-green = S; blue =
G2. (B) Quantification of percentage of cells in each phase of cell cycle. S.E.M. error
bars. n = 8. (C) Western blot of whole cell lysate from Tip60 f/f, ERT2-Cre MEFs stably
expressing FLAG-HA (FH) tagged empty vector, wild-type TIP60, or mutant human
TIP60. EV = empty vector; WT = wild-type. Endogenous TIP60 and FLAG-HA tagged
exogenous TIP60 are indicated by arrows/lines. (D) Representative MEF cell cycle
FLOW profiles at day 2 post-OHT addition (top panels) and day 5 post-OHT addition
(bottom panels). Green fill-in = G1, yellow-green = S; blue = G2; uncolored = aneuploid.
(E) Quantification of cell cycle distributions at d2 post-OHT (top panel) and day 5 postOHT addition (bottom panel). S.E.M. error bars. n = 3. (F) Survival of MEFs after
different doses of IR as measured by clonogenic assay. DNA-PK inhibitor treated cells
are used as negative control. S.E.M. error bars. n = 3.
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Fig. 3-3: Phosphorylation of TIP60 S90 and S86 promote HR repair
(A) Western blot of Tip60 cKO MEFs complemented with FLAG-HA tagged TIP60
variants five hours after treatment with damaging agent etoposide. HD = HAT-deficient
Q377E/G380E mutant (Ikura et al., 2000). Phosphorylated KAP1 is used as a marker of
ATM activity. (B) Quantification of 53BP1 foci formation five hours after IR. S.E.M.
error bars. n = 3. (C) Quantification of BRCA1 foci formation five hours after IR. S.E.M.
error bars. n = 3. (D) Survival of MEFs treated with different doses of olaparib as
measured by clonogenic assay. The same set of data is broken up into two different
graphs (top and bottom panels) for presentation clarity. S.E.M. error bars. n = 3. (E)
Quantification of abnormal fusion events on MEF metaphase spreads. S.E.M. error bars.
n = 3.
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Fig. 3-4: TIP60 S90 regulates 53BP1 localization during S-G2
(A) Western blot of pS90 and pS86 on the FLAG-HA tagged WT TIP60 after five hours
of damage induction with etoposide. p-KAP1 is used as a marker of damage. (B) Western
blot of pS90 and pS86 on FLAG-HA tagged WT TIP60 in MEFs treated with 10 µM of
the CDK1 inhibitor RO-3306 for varying lengths of time. (C) Western blot of pS90 and
pS86 on FLAG-HA tagged WT TIP60 in MEFs treated with 2 µM of the CDK9 inhibitor
SNS-032 for varying lengths of time. p-Pol II CTD is used as a readout of CDK9
inhibition. (D) FLOW plots of cell cycle distributions of EdU- and EdU+ MEFs to
illustrate enrichment in G2 of our EdU label then wash-off scheme. Y-axis FL4-H
indicates the intensity of EdU label (after conjugation with AlexaFluor 647), X-axis FL2H indicates propidium iodide (PI) stain intensity. Left panel are untreated cells; middle
panel cells have been labeled with EdU for one hour with no wash-off; right panel cells
were EdU labeled for one hour, washed, then collected three hours after wash-off. The
labeling scheme corresponding to the right panel (highlighted with red box) is the one
that we employed for the experiments in panels 4E-G. Density: red (highest density) >
yellow > green > blue (lowest density). (E) Immunofluorescence images of 53BP1
ionizing radiation-induced foci (IRIF) formation in EdU+ (late S and G2) versus EdUMEFs five hours after IR and three hours after EdU wash-off. White arrowheads point to
EdU+ cells that have many bright 53BP1 foci. 10 µm scale bar. (F) ImageJ particle
analysis quantification of 53BP1 foci number per cell (top panel), and relative mean focal
intensity (RMFI, bottom panel), in EdU+ versus EdU- cells. The black dotted line is set
to the mean in EdU+ control cells. S.E.M. error bars. n = 3. (G) ImageJ particle analysis
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quantification of BRCA1 foci number per cell (top panel), and relative mean focal
intensity (RMFI, bottom panel), in EdU+ cells versus EdU- cells. The black dotted line is
set to the mean in EdU+ control cells. S.E.M. error bars. n = 3.
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Fig. 3-5
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Fig. 3-5: TIP60 S90 and S86 are dispensable for viability, complex formation, and
recruitment to damage sites
(A) Plating efficiency of undamaged Tip60 cKO MEFs complemented with empty
vector, wild-type TIP60, or mutant TIP60 as measured by clonogenic assay. S.E.M. error
bars. n = 3. (B) Western blot of proteins immuno-precipitated with the indicated FLAGHA tagged constructs from HeLa S3 cells. (C) Table of analyses of mass spectrometryidentified canonical TIP60-p400 complex members co-purified with FLAG-HA tagged
WT versus S90A TIP60 from HeLa S3 cells. Negative average log2(S90A+/WT+)
intensity means S90A mutant exhibits decreased association with the indicated complex
partner compared to WT. S.E.M. error bars. n = 3. (D) Schematic of mCherry-LacI-FokI
damage induction by addition of Shield1 and 4’OHT (Tang et al., 2013). A LacOtransgene array is stably integrated into the U2OS genome. mCherry-LacI-FokI is
constantly degraded at baseline, stabilized by the Shield1 ligand, and translocates to the
nucleus after 4’OHT treatment. (E) Western blot of stably expressed FLAG-HA tagged
TIP60 variants in LacI-FokI reporter cells. TIP60 (exo) = exogenous tagged TIP60. (F)
Schematic of TIP60-53BP1 proximity ligation assay in the mCherry-LacI-FokI reporter
cells. Co-localization between TIP60 and 53BP1 is visualized by green fluorescence. (G)
Representative PLA images of mCherry-LacI-FokI reporter cells complemented with
FLAG-HA tagged TIP60 variants or empty vector (EV). mCherry marks where LacIFokI is localized, and green fluorescence marks sites of PLA positivity where there is colocalization between 53BP1 and the tagged TIP60 (HA tag). White arrows indicate
damage sites (mCherry foci) where both TIP60 and 53BP1 are recruited (PLA+ green
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foci). (G) Quantification of the percentage of damage sites (mCherry foci) where both
TIP60 and 53BP1 are recruited, as indicated by PLA+ green foci co-localizing with
mCherry foci. S.E.M. error bars. n = 3.
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Fig. 3-6
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Fig. 3-6: S90 facilitates TIP60-dependent acetylation of histone H4 after damage
(A) Western blot of histones isolated from indicated MEFs at different time points after
10Gy IR. (B) ImageJ quantification of western blot band intensities of H4K16ac
normalized to total H4, and (C) H2A.Z K4/K7ac normalized to total H2A.Z. S.E.M. error
bars. n = 3. (D) Relative abundance of bulk unmodified and modified histone H4 peptide
(aa 4-17) and (E) histone H2A.Z peptide (aa 1-19) in etoposide-damaged MEFs as
quantified by mass spectrometry (Sidoli et al., 2016). S.E.M. error bars. n = 10. (F)
Schematic of ChIP-qPCR in the dox-inducible LacI-FokI cell lines, in which pretreatment with doxycycline turns on transcription of the transgene and stimulates histone
acetylation at the locus. (G) Normalized ratio of H4K16ac ChIP to total H4 ChIP, and
H2A.Z K4/K7ac ChIP to total H2A.Z ChIP, with the control cell line expressing no
exogenous TIP60 set to normalized ratio of 1. S.E.M. error bars. n = 3.
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Fig. S3-1
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5

Fig. S3-1: Proteins associated with wild-type vs. mutant TIP60
(A) Silver stain of proteins co-purified with wild-type vs. mutant epitope-tagged TIP60
treated with DNA damaging agent etoposide. The arrow points to the band corresponding
to bait TIP60 protein. (B-D) Volcano plots comparing the abundance of proteins that copurify with epitope-tagged WT or mutant TIP60 by mass spectrometry. The log2
(condition 1/condition 2) on x-axis is the average taken across n = 3. Hits to the right of
the solid vertical line are more abundant in condition 1 than in condition 2, and hits to the
left of the line are more abundant in condition 2 than in condition 1. Hits above the dotted
horizontal line are statistically significantly different in abundance between the two
conditions being compared. Gene symbols of some of the top hits are indicated next to
the corresponding points. Some hits of interest are highlighted in red in each graph. (B)
Abundance of proteins that associate with wild-type TIP60 in the presence vs. absence of
etoposide. (C) Abundance of proteins that associate with S90A vs. WT TIP60 after
etoposide treatment. (D) Abundance of proteins that associate with S86A vs. WT TIP60
after etoposide treatment.
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CHAPTER 4. 53BP1-BOUND MONO-NUCLEOSOMES ARE HYPOACETYLATED ON TIP60 TARGET SITES

This work was performed in collaboration with Dr. Qinqin Jiang, a previous graduate
student in the Greenberg lab, Dr. Netarajan V. Bhanu in Prof. Benjamin Garcia’s lab at
Penn, and Dr. Huaiying Zhang in Prof. Michael Lampson’s lab at Penn.

I.

Introduction

Recruitment of the anti-HR 53BP1 complex and the pro-HR BRCA1-A complex require
a cascade of chromatin-based modification and signaling events. DNA damage-sensing
by the Mre11-Rad50-Nbs1 (MRN) complex leads to activation of the PIKK kinase ATM.
ATM phosphorylates H2A.X S139 at damage sites to recruit and phosphorylate MDC1.
Phospho-MDC1 forms a scaffold for the localization of E3 ubiquitin ligases RNF8 and
RNF168 to DSBs to mediate wide-spread ubiquitination of substrates at damage sites.
RNF168-dependent damage-induced H2AK15ub is recognized by the UDR domain on
53BP1, whereas the tandem Tudor domains on 53BP1 recognize existing H4K20me2.
Together, the Tudor and UDR domains mediate 53BP1 binding to nucleosomes with the
cognate histone modifications (Panier and Boulton, 2014). The recruitment of Rap80containing BRCA1-A complex, on the other hand, largely depends on Rap80 UIM
domain recognition of RNF168-mediated K63 poly-ubiquitin conjugates. Although it is
unclear what this poly-ubiquitinated substrate is (Schwertman et al., 2016).
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Consequently, abrogating K63 poly-ubiquitination or mutating the Rap80 UIM domain
significantly reduce BRCA1 localization at damage sites.

The 53BP1 and BRCA1-A complexes are differentially recruited to DSBs both
temporally and spatially. 53BP1 foci form relatively rapidly after damage induction,
whereas BRCA1 foci require up to 5-8 hours to build up at DSBs. Rap80 foci and
BRCA1 foci co-localize almost perfectly, while BRCA1 and 53BP1 foci are largely
juxtaposed (Mok and Henderson, 2012). This led to the prevailing model that one set of
rapid chromatin changes facilitates the recruitment of 53BP1 complex to damaged
genomic regions, while during S/G2 a different set of slowly-building chromatin
modifications which are inhibitory to 53BP1 binding allows for the downstream access of
BRCA1-A to damage sites.

Although many insights have been generated in recent years into how specific histone
residues influence 53BP1 binding, the work was largely built on candidate-based
approaches and the discovery that 53BP1 localization requires RNF168 (Stewart, 2009).
Reports from our group and others suggest that histone H4 acetylation by TIP60
suppresses 53BP1 binding (Clarke et al., 2017; Hsiao and Mizzen, 2013; Tang et al.,
2013)}, but this hypothesis is also based on prior knowledge of 53BP1 Tudor domain
recognition of H4K20me2. To identify histone residues that are differentially modified
between 53BP1-occupied chromatin and BRCA1-A-occupied chromatin, we decided to
84

use an unbiased mass spectrometry approach in collaboration with Benjamin Garcia’s lab
here at Penn. Mass spectrometry allows us to interrogate many modifications
simultaneously, without the limitations of antibody availability and cross-reactivity.
Furthermore, we can assess the relative abundance of different combinatorial
modifications on the same peptide, which is not possible with an antibody-based
approach. By cross-referencing the marks that correlate with 53BP1 occupancy to those
that are affected by TIP60 depletion, we can also validate the TIP60 histone substrates
that are responsible for its regulation of 53BP1 binding.

II.

Purification of repair protein-associated mono-nucleosomes

To investigate which histone modifications are involved in different DNA repair
mechanisms, we devised a strategy to purify mono-nucleosomes associated with epitopetagged DNA repair proteins. Since full-length 53BP1 is too large, and Abraxas is a
nuclear-specific member of the Rap80 complex that does not interact with heat-shock
proteins, we decided to stably express either FLAG-HA tagged 53BP1 FFR fragment,
which includes the Tudor and UDR domains, or FLAG-HA tagged Abraxas in HeLa S3
suspension cells (Fig. 4-1A).

The FLAG-HA tagged repair protein-expressing cells were treated with the
topoisomerase II inhibitor etoposide for several hours to induce DSBs. Then, we purified
the nuclei from these cells and used micrococcal nuclease (MNAse) and high salt
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extraction to digest the chromatin down to mono-nucleosomes and liberate the histones
and other chromatin-associated proteins. To purify the repair protein-associated mononucleosomes, we used FLAG beads to pull down the tagged repair proteins from the
dialyzed extract, then resolved the co-purified proteins using SDS-PAGE. The bands
between 10kD-28kD (corresponding to modified and unmodified histones) were excised
and processed for Western blotting and/or histone mass spectrometry (Fig. 4-1B and
Methods).

To assess whether our purification scheme was robust and corroborates the literature, we
compared the ubiquitination patterns of γH2A.X from nucleosomes co-purified with
wild-type 53BP1 FFR, a UDR mutant of 53BP1 FFR, or full-length Abraxas. While WT
53BP1-associated γH2A.X demonstrates distinct mono/di-ubiquitination patterns, UDR
mutant 53BP1-associated γH2A.X is not ubiquitinated (Fig. 4-1C), consistent with the
mutant being unable to recognize H2AK15ub-containing nucleosomes (Fradet-Turcotte
et al., 2013; Wilson et al., 2016). On the other hand, Abraxas-associated γH2A.X shows a
“laddering up” pattern reflective of poly-ubiquitination (Fig. 4-1C), which corroborates
the model that the BRCA1-A complex recognizes K63 ubiquitin conjugates on the
chromatin. Similar patterns are observed on Western blots for total canonical H2A (data
not shown).
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III.

53BP1-bound nucleosomes are hypo-acetylated on H4 and H2A.Z

Previous work from our lab and others show that acetylation of the histone H4 tail is
prohibitive to 53BP1 localization at damage sites (Clarke et al., 2017; Hsiao and Mizzen,
2013; Sivanand et al., 2017; Tang et al., 2013). Our in vitro and structural studies suggest
that H4 acetylation neutralizes a salt bridge between 53BP1 and H4, suppressing its
interaction with H4K20me2 (Tang et al., 2013). Our new histone mass spectrometry
studies in collaboration with the Garcia lab corroborate these results. H4K20me2 is
enriched on 53BP1-associated mono-nucleosomes compared to bulk mono-nucleosome
input (Fig. 4-2A), while H4K16ac combinatorial marks are diminished on 53BP1-bound
nucleosomes compared to input (Fig. 4-2B).

Interestingly, although γH2A.X is known to seed the chromatin-based DNA damage
signaling cascade, and γH2A.X is highly enriched on 53BP1-bound nucleosomes (Fig. 42E), we actually observed a decrease in total H2A.X on 53BP1-bound nucleosomes
compared to input (Fig. 4-2C). This decrease in H2A.X correlates with an enrichment in
the histone variant H2A.Z (Fig. 4-2C,E). Furthermore, the H2A.Z on 53BP1-associated
nucleosomes appears to be hypo-acetylated (Fig. 4-2D,E), and the difference in
acetylation between 53BP1-associated nucleosomes versus bulk nucleosomes is more
dramatic for H2A.Z than for H4.
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IV.

H4 and H2A.Z are targets of TIP60 HAT in vivo

The association between 53BP1 and hypo-acetylated H2A.Z is intriguing. Our lab and
others have previously reported that TIP60 regulates 53BP1 binding at DSBs, presumably
in part through modulating H4 acetylation (Clarke et al., 2017; Hsiao and Mizzen, 2013;
Sivanand et al., 2017; Tang et al., 2013). However, TIP60 is also one of two HATs for
H2A.Z (Sevilla and Binda, 2014), and can be found in complex with factors that promote
H2A.Z deposition (Sevilla and Binda, 2014) and its removal (Obri et al., 2014). Both
H2A.Z deposition and its removal are important for resistance to DNA damage in yeast
(Gerhold et al., 2015), and H2A.Z eviction was more recently described to promote HR
repair in mammalian cells (Alatwi and Downs, 2015; Gursoy-Yuzugullu et al., 2015). It’s
unclear how TIP60-mediated acetylation of H2A.Z affects these processes.

Using a tamoxifen-inducible TIP60 knockout model (Li et al., 2018), we conditionally
deleted TIP60 in mouse embryonic fibroblasts (MEFs) and investigated the effect on bulk
chromatin histone modifications by mass spectrometry. While TIP60 loss reduced
H4K16ac (Fig. 4-3A,C), it resulted in much more dramatic depletion of H2A.Zac (Fig. 43B,C). TIP60 loss correlated with increased localization of the FLAG-HA tagged 53BP1
FFR fragment at DSBs as well (Fig. 4-3D,E), consistent with H4K16 and H2A.Z
acetylation affecting 53BP1 binding (Fig. 4-2).
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V.

H2A.Z removal regulates 53BP1 accumulation at DSBs

Several groups have reported damage-induced H2A.Z exchange at sites of DSBs (Alatwi
and Downs, 2015; Gursoy-Yuzugullu et al., 2015; Piquet et al., 2018b; Rona et al., 2018;
Xu et al., 2012), although there is no consensus on whether H2A.Z is enriched or
depleted at damage sites, which may be attributable to the different systems used by the
various groups. Studies on H2A.Zac and transcription suggest that TIP60 acetylation of
H2A.Z facilitates the eviction of H2A.Z-containing nucleosomes at transcriptional start
sites to turn on genes with poised promoters (Subramanian et al., 2015). We hypothesized
that a similar mechanism occurs during repair, wherein TIP60-dependent H2A.Z
acetylation and exchange regulates access to resection machinery rather than
transcriptional machinery by modulating occupancy of the anti-resection protein 53BP1.

To test how histone acetylation and H2A.Z exchange affect 53BP1 accumulation at
damage sites, we knocked down various related HATs, remodelers, and the H2A.Z
chaperone Acidic Nuclear Phosphoprotein 32 family member E (ANP32E) (Fig. 4-4A),
and compared their effects on BRCA1 and 53BP1 foci formation. TIP60 can acetylate
H4, H2A.Z, and is proposed to mediate H2A.Z deposition together with its partner
remodeler p400 (Altaf et al., 2010; Xu et al., 2012). MOF, a fellow MYST-domain HAT,
is believed to be the major HAT for H4K16ac (Sharma et al., 2010). ANP32E is a
mammalian-specific H2A.Z chaperone that complexes with TIP60-p400, and promotes
H2A.Z eviction (Latrick et al., 2016; Mao et al., 2014; Obri et al., 2014). Although both
TIP60 and MOF acetylate H4K16ac, depletion of TIP60 resulted in increased 53BP1 foci
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formation, whereas depletion of MOF did not, suggesting that TIP60 affects 53BP1 and
BRCA1 accumulation via additional non-H4K16ac mechanisms, which we hypothesized
could be H2A.Z-dependent. KD of p400, which presumably compromises H2A.Z
deposition (Altaf et al., 2010; Xu et al., 2012) and disrupts the entire NuA4 complex
(Auger et al., 2008), also did not result in increased 53BP1 foci formation. On the other
hand, depletion of ANP32E, which causes H2A.Z retention on the chromatin (GursoyYuzugullu et al., 2015; Mao et al., 2014; Obri et al., 2014), phenocopies TIP60 loss but to
a smaller extent, resulting in increased 53BP1 and decreased BRCA1 at the defined DSBs
(Fig. 4-B,C). Conversely, over-expression of ANP32E decreased 53BP1 localization to
damage sites, and was able to partially suppress the phenotype of TIP60 loss (Fig. 44D,E). Taken together, these results suggest that H2A.Z acetylation and exchange at
DSBs limits 53BP1 accumulation.

VI.

Relationship between TIP60-dependent histone acetylation and H2A.Z
exchange

We recently reported that TIP60 phospho-dead mutants S90A and S86A cause increased
53BP1 and decreased BRCA1 accumulation at damage sites, recapitulating the effect of
TIP60 loss on DNA repair mechanism (Li et al., 2018). The S90A mutant demonstrates
deficient H4K16 acetylation and mildly decreased H2A.Z acetylation (Fig. 3-6G,
reproduced in Fig. 4-5B), leading us to speculate that phosphorylation of TIP60 primarily
limits 53BP1 binding via modulating HAT activity. Since our ANP32E data implicate
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H2A.Z exchange in 53BP1 regulation, we investigated how phosphorylation affects
H2A.Z occupancy at damage sites. Although over-expression of the S90A mutant has
very mild H2A.Zac deficiency compared to over-expression of WT (Fig. 3-6G,
reproduced in Fig. 4-5B), unlike WT, the S90A mutant is defective in promoting H2A.Z
deposition at DSBs, pheno-copying the HAT-dead HD mutant (Fig. 4-5A). This suggests
that in addition to issues with histone acetylation, the repair pathway imbalance observed
with TIP60 phospho-dead mutants could be due to dysregulated H2A.Z exchange as well.
A tantalizing possibility is that phosphorylation controls NuA4 association with H2A.Z
exchange factors. However, our complex purification studies with phospho-dead mutants
(described in greater detail in chapter 3) demonstrate that the TIP60 mutants do not have
significantly different association with partner remodelers p400, RUVBL1, RUVBL2;
nor the H2A.Z histone chaperone ANP32E, nor the H2A.Z.2 variant (Fig. 4-5C). The
H2A.Z.1 variant and the pro-H2A.Z deposition histone chaperone YL-1 (a.k.a. VPS72)
did not consistently associate with the NuA4 complex across the biological replicates
(data not shown). Thus, the mechanism by which TIP60 phosphorylation controls H2A.Z
exchange remains a mystery.

To further elucidate how TIP60 regulates H2A.Z loading and eviction at damage sites,
we’ve begun building a live imaging system in collaboration with the Lampson lab at
Penn. By expressing EGFP-H2A.Z in our mCherry-LacI-FokI nuclease reporter cell line,
we can image and quantify H2A.Z dynamics in real-time after damage induction.
Although we cannot observe gross H2A.Z foci formation by eye (example in Fig. 4-5D),
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we can quantitatively compare the intensity of EGFP-H2A.Z over the damage locus
compared to the whole nucleus. Our preliminary studies demonstrate that soon after LacIFokI damage foci begin to appear (around 30 minutes after damage-induction), we can
observe relative enrichment of H2A.Z over the damage focus compared to the whole
genome, and this enrichment appears to decrease over time (corrected for photobleaching), consistent with the transient H2A.Z enrichment at damage sites observed by
other groups using different methods (Alatwi and Downs, 2015; Rona et al., 2018). Using
this system, we can investigate the effects of TIP60 and other repair factors on H2A.Z
dynamics at DSBs in the future.

VII.

Discussion

Our mono-nucleosome pulldown approach corroborates previous findings from the
literature (Clarke et al., 2017; Hsiao and Mizzen, 2013; Tang et al., 2013), and identified
H2A.Z acetylation and exchange as a possible new modality for TIP60 regulation of
DNA repair mechanism. However, because we use trypsin digestion for peptide
processing, our mass spectrometry workflow only allows for the identification of Nterminal histone modifications, and misses key residues at the C-terminus, particularly on
H2A variants. Several important C-terminal histone residues have been implicated in the
DNA damage response, including H2A.X S139 (γH2A.X), H2AK118/119ub, and
H2BK120ac/ub (Wilson and Durocher, 2017). Interestingly, H2A.Z is known to be
ubiquitinated at the C-terminus on K120/121/125, and these ubiquitination events are
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reported to inhibit BRD2 recognition of N-terminal acetylated marks and modulate
transcriptional activity and cell fate (Surface et al., 2016). Thus, further studies using a
different workflow to allow for simultaneous assessment of both N and C-terminal
modifications could shed light on how they interact to facilitate the damage response.

While H2A.Z exchange has been observed at DSBs by several other groups (Alatwi and
Downs, 2015; Gursoy-Yuzugullu et al., 2015; Piquet et al., 2018b; Rona et al., 2018; Xu
et al., 2012), and has been suggested to promote HR repair (Alatwi and Downs, 2015;
Gursoy-Yuzugullu et al., 2015), our study is the first to implicate H2A.Z exchange in
modulating 53BP1 binding at damage sites. Furthermore, while others have reported
interplay between H2A.Z acetylation and exchange, and correlated H2A.Z acetylation
status with genome stability (Papamichos-Chronakis et al., 2011), our study is the first to
implicate H2A.Z acetylation in influencing the BRCA1-53BP1 balance.

Although the literature supports a role for yeast NuA4 in H2A.Z deposition, a model that
is borne out by our TIP60 over-expression ChIP data (Fig. 4-3F), NuA4 regulation of
H2A.Z is likely to be more nuanced than the picture suggests. Yeast NuA4 HAT is
required for subsequent recruitment of both SWR complex (the H2A.Z loader) and
INO80 complex (the H2A.Z remover) to damage sites (Cairns, 2004). The mammalian
parallel is that the NuA4 complex can associate with both YL-1, the pro-H2A.Z loading
histone chaperone (Cai et al., 2005; Latrick et al., 2016), and ANP32E, the pro-H2A.Z
removing histone chaperone (Fig. 4-4F and (Obri et al., 2014)). Furthermore, acetylation
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of the H4 and H2A.Z tails is thought to promote the recruitment of other remodelers that
facilitate H2A.Z-nucleosome eviction and transcriptional activation at poised promotors
(Subramanian et al., 2015), and H2A.Z acetyl-mimic mutants can suppress the genomic
instability phenotype of ino80 mutants (Papamichos-Chronakis et al., 2011). This
suggests an interplay between acetylation and H2A.Z eviction, both of which are
important for genome maintenance. Given that knockdown of both TIP60 and ANP32E
result in increased 53BP1 foci formation, and that ANP32E associates with the NuA4
complex (Fig. 4-4), it is possible that TIP60 and other NuA4 members could recruit and
stimulate ANP32E activity. Dissecting the pro-H2A.Z deposition activity of NuA4 from
its pro-H2A.Z removal activity requires further work, and could be informed by our
proposed H2A.Z live imaging studies.

VIII. Experimental Procedures
Mono-nucleosome purifications
Nuclei were purified from HeLa S3 cells expressing FLAG-HA tagged 53BP1 FFR
fragment or Abraxas by lysis in TM buffer (10mM Tris-HCl, pH7.5; 2mM MgCl2) +
1.5% NP40. The nuclei were then washed and resuspended with TM buffer + 1mM
CaCl2, and 0.3U of MNase (Sigma, N3755-500UN) was added for every 10^7 cells. The
nuclei were incubated at 37°C for 30min with shaking every 5min. MNAse digestion was
quenched by 2mM EGTA. The nuclei were washed and resuspended with STM600
buffer (10mM Tris-HCl, pH7.5; 2mM MgCl2; 2mM EGTA; 0.1% Triton X-100; 600mM
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NaCl) to further liberate the nucleosomes and associated proteins from the chromatin.
After this extended lysis step, the supernatant contained mono-nucleosomes and was
collected and dialyzed against a 200mM salt dialysis buffer (20mM Tris-HCl, pH7.5;
200mM NaCl; 10% Glycerol (for MS, 5%); 1.5mM MgCl2; 0.1% NP40 (for MS, no
NP40), 1mM DTT). The dialyzed solution was then pre-cleared with agarose A/G beads
(Fisher). The mono-nucleosomes associated with epitope-tagged repair proteins were
then purified by Flag agarose beads (MilliporeSigma), then subsequently eluted by
addition of Flag peptide (Sigma).

Whole cell lysate extraction
Whole cell lysates are extracted from cell pellets using a high salt lysis buffer (25mM
Tris-HCl pH 7.4, 300mM NaCl, 1mM EDTA, 1% Triton-X, 1mM PMSF).

Acid extraction of histones
Bulk histones from control and Tip60 cKO mouse embryonic fibroblasts (MEFs) were
extracted per (Sidoli et al., 2016). Briefly, nuclei were isolated, then acid extracted with
0.4N sulfuric acid. The histones were then TCA-precipitated, and processed for either
histone mass spectrometry or western blotting.

Histone preparation and mass spectrometry analysis
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Extracted histones were chemically derivatized and digested to tryptic peptides to make
them amenable for bottom-up mass spectrometry as described earlier (Sidoli et al., 2016).
The derivatized samples were desalted prior LC-MS analysis using C18 Stage-tips. For
mass spectrometry, the peptides were separated using a 75 µm ID x 17 cm Reprosil-Pur
C18-AQ (3 µm; Dr. Maisch GmbH, Germany) nano-column fitted on an EASY-nLC
nanoHPLC (Thermo Scientific, San Jose, Ca, USA). The HPLC gradient comprising 2%
to 28% solvent B (A = 0.1% formic acid; B = 95% MeCN, 0.1% formic acid) over 45
minutes, from 28% to 80% solvent B in 5 minutes, 80% B for 10 minutes at a flow-rate
of 300 nL/min was used. This nLC was coupled online to an LTQ-Orbitrap Elite mass
spectrometer (Thermo Scientific) and data-independent acquisition (DIA) was used to
acquire data (Sidoli et al., 2015). Briefly, full scan MS (m/z 300−1100) was acquired in
the Orbitrap with a resolution of 120,000 (at 200 m/z) and an AGC target of 5x10e5.
MS/MS was done in in centroid mode in the ion trap with sequential isolation windows
of 50 m/z with an AGC target of 3x10e4, a CID collision energy of 35 and a maximum
injection time of 50 msec. Data were analyzed using the in-house software, EpiProfile
(Yuan et al., 2015) wherein the peptide relative ratio was calculated using the total area
under the extracted ion chromatograms of all peptides with the same amino acid sequence
(including all of its modified forms) as 100%.

Western blotting
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The samples are run on gradient SDS-PAGE gels (Invitrogen) in either MOPs buffer for
WCL, or MES buffer for histones, then wet-transferred onto nitrocellulose membrane,
and blocked with 1:1 mix of TBS-T to LiCor Odyssey Blocking Buffer. They were then
incubated with diluted primary antibodies in TBS-T overnight at 4°C, washed with TBST, then incubated with secondaries (LiCor anti-mouse IRDye 680 and anti-rabbit IRDye
800, 1:10,000) diluted in 1:1 mix of TBS-T to LiCor Odyssey Blocking Buffer. The blots
were then imaged using a LiCor Odyssey 675 machine, scanning at 700nm and 800nm
wavelengths. Brightness and contrast were adjusted in LiCor. Images were prepared for
publication using ImageJ.

Irradiation
Irradiation of cells was performed using a Gammacell 40 irradiator (Nordion
International) using Cesium-137 source.

Immunofluorescence
MEFs plated on coverslips were rinsed with PBS, then pre-extracted with 10mM PIPES,
pH 6.8, 100mM NaCl, 300mM sucrose, 3mM MgCl2, 0.5% Triton-X in PBS for five
minutes at 4°C. They were then washed with PBS prior to fixation with 3%
paraformaldehyde and 2% sucrose pH 7.4 in PBS for 15 minutes at room temperature.
After fixation the coverslips were washed with PBS, then permeabilized with 150mM
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NaCl, 5mM EDTA, 50mM Tris-HCl pH 7.4, 0.05% NP40, 0.25% gelatin, 0.5% Triton-X
in PBS for ten minutes at 4°C. They were then washed with PBS-T and incubated with
primary antibodies diluted in PBS-T at 37°C for 30 minutes. After primary incubation the
coverslips were rinsed with PBS-T, then incubated with AlexaFluor secondary antibodies
diluted 1:500 in PBS-T at 37°C for 30 minutes. Finally, they were rinsed with PBS-T
prior to mounting with Vectashield + DAPI.

Chromatin immunoprecipitation-qPCR (ChIP-qPCR)
Dox-inducible LacI-FokI U2OS reporter cell lines (Tang et al., 2013) stably expressing
FLAG-HA tagged WT and mutant TIP60 were pre-treated with doxycycline to induce
transcription and histone acetylation at the LacO-transgene locus. After three hours of
doxycycline treatment, damage was induced with Shield1 ligand and 4’OHT addition.
Alternatively, in the “TSA control” condition, instead of inducing damage, the cells were
treated with the HDAC inhibitor trichostatin A instead. After 4-6 hours of damageinduction or TSA treatment, the cells were cross-linked with methanol-free formaldehyde
in PBS (final concentration 1%) for five minutes. Crosslinking was then stopped by
incubation with glycine (final concentration 0.125 M) for five minutes. Cells were then
spun down, washed with PBS, and lysed in 10mM Tris, pH 8.0, 10mM NaCl, 0.2% NP40 plus PMSF and protease inhibitors on ice for 10 minutes. The isolated nuclei were
then flash frozen and stored in -80°C.
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The next day the nuclei were thawed on ice, resuspended in 10mM Tris pH 8.1, 1mM
EDTA, 0.1% SDS and sonicated in a Covaris S-220 sonicator to obtain approximately
250–600 bp chromatin fragments. Chromatin fragments were diluted with 20mM Tris pH
8.1, 2mM EDTA, 150mM NaCl, 1% Triton X-100, 0.01% SDS to final 1ml buffer/IP +
10% leftover for input. The diluted chromatin was pre-cleared with pre-bound rabbit IgG
antibody/protein-G magnetic beads (Pierce) for two hours at 4°C, then incubated with
pre-bound antibody-protein G magnetic beads overnight at 4°C.
The next day the beads were washed once in 20mM Tris, pH 8.1, 2mM EDTA, 50mM
NaCl, 1% Triton X-100, 0.1% SDS, twice in 20mM Tris, pH 8.1, 2mM EDTA, 500mM
NaCl, 1% Triton X-100, 0.01% SDS, once in 10mM Tris, pH 8.1, 1mM EDTA, 0.25M
LiCl, 1% NP-40, 1% deoxycholic acid, and twice in TE buffer (10 mM Tris-HCl, pH 8.
0, 1 mM EDTA). Washed beads were eluted twice with 100 µL of elution buffer (1%
SDS, 0.1M NaHCO3) and reverse-crosslinked with 0.1 mg/ml RNase, 0.3 M NaCl and
0.3 mg/ml Proteinase K at 65°C overnight.
The DNA samples were purified by phenol-chloroform extraction, and qPCR with a
standard curve protocol was carried out on an ABI 7900HT instrument using the SYBR
Green detection system. The primers used were:
Forward: 5’-GGCATTTCAGTCAGTTGCTCAA-3’,
Reverse: 5’-TTGGCCGATTCATTAATGCA-3’.
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Complex purification
Two liters of HeLa S3 cells stably expressing FLAG-HA tagged TIP60 constructs were
pelleted, then resuspended in hypotonic buffer (10mM Tris-HCl pH 7.4, 7.5mM KCl,
1.5mM MgCl2) on ice for 15 minutes. The swollen cells were lysed by douncing. Nuclei
were spun down, then lysed in KETNG-400 buffer (400mM KCl, 20mM Tris-HCl pH
7.4, 0.5mM EDTA, 0.1% NP40, 1.5mM MgCl2, 10% glycerol) for 45 minutes at 4°C.
The lysate was spun down at max speed, and supernatant dialyzed against two liters of
KETNG-100 at 4°C for longer than three hours. Dialyzed lysate was spun down at max
speed again, and the supernatant was incubated with FLAG-M2 beads (Sigma-Aldrich)
for longer than three hours at 4°C. The beads were washed, then eluted with 0.2mg/ml
FLAG peptide (Sigma) for one hour at 4°C. The eluate was incubated with EZView Red
HA beads (Sigma-Aldrich) for longer than two hours at 4°C. The HA beads were then
washed, and eluted with 100mM Glycine pH 2.5. The eluate was neutralized with Tris
pH 8.8, and TCA-precipitated per standard procedures. Lyophilized eluate was submitted
to the Taplin Mass Spectrometry Facility at Harvard University for mass spectrometry
analysis.

H2A.Z live imaging
EGFP-H2A.Z expressing mCherry-LacI-FokI nuclease reporter cells were seeded onto
glass-bottom cell culture dishes 1-2 days prior to imaging studies. On experiment day the
cells were switched to growth medium without phenol red and the dishes were mounted
100

on the microscope stage. 15-20 GFP+ cells were selected, and imaged at five-minute
intervals after the addition of Shield1 and 4’OHT to induce damage. The images were
acquired with MetaMorph software on a Leica DM4000 confocal microscope, with
488nm and 593nm laser intensities set to 80. Post-acquisition processing was performed
in ImageJ. ROIs of the damage focus (mCherry-LacI-FokI) and the whole nucleus were
generated using the Analyze Particles feature on the red channel and the green channel,
respectively. The two separate ROI sets were then used to measure focal EGFP intensity
and pan-nuclear EGFP intensity in the green channel. Background intensity was
subtracted from all raw measurements, and finally a ratio of (background subtracted)
focal intensity divided by pan-nuclear intensity was calculated.

Cell lines, constructs, siRNAs, and primers
Tip60 f/f, ERT2-Cre MEFs were generated by crossing TIP60 f/f mice (Fisher et al.,
2016; Xiao et al., 2014) (gift from Dr. John Lough) to Cre-ERT2 B6.Cg-Tg(UBCcre/ERT2)1EjB/J strain (Ruzankina et al., 2007) (gift from Dr. Eric J. Brown).
53BP1 FFR fragment and Abraxas were cloned into pOZ-N vector (expressing FLAGHA on the N-terminus).
Wild-type or “HAT-dead” Q377E/G380E (HD) human TIP60 (gifts from Dr. Brendan
Price) were sub-cloned into the retroviral pOZ-N vector, with N-terminal FLAG-HA tag
and IL2-receptor selection. pOZ-TIP60 WT served as template to generate S90A and
S86A mutants using the Q5 Site-Directed Mutagenesis Kit (NEB). TIP60 f/f, ERT2-Cre
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MEFs and HeLa S3s were infected with virus containing the different pOZ constructs per
standard procedures, and selected using IL2-conjugated magnetic beads.
EGFP-H2A.Z was cloned into pBABE-blast vector using Gibson assembly.
Damage was induced in mCherry-LacI-FokI cells (Shanbhag et al., 2010; Tang et al.,
2013) by 4-6 hours of Shield-1 and 4-hydroxytamoxifen treatment.
Smartpool siRNAs against human TIP60 (KAT5), human p400, human MOF, and human
ANP32E are from Dharmacon.
qRT-PCR primers for human TIP60 F: 5’-GGGGAGATAATCGAGGGCTG-3’,
R: 5’-TCCAGACGTTTGTTGAAGTCAAT-3’.
Human p400 F: 5’-GAAGCACAGTAGAGACGGACC-3’,
R: 5’- CTGGAAAACTACCCCTTGGTG-3’.
Human MOF F: 5’-GTCACGGTGGAGATCGGAGA-3’,
R: 5’- CCCTCCTGGTCGTTCACTC-3’.
Human ANP32E F: 5’-TGCCTGTGTGTCAATGGGG-3’,
R: 5’-GCAGAGCTTCTACTGTACTGAGA-3’.
Human GAPDH F: 5’-CTCAAGATCATCAGCAATGCC-3’,
R: 5’-CATCACGCCACAGTTTCC-3’.
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Antibodies
Western blots: mouse anti-γH2A.X (Millipore) 1:1000, rabbit anti-HA.11 (Covance)
1:1000, rabbit anti-H2A.Z K4/K7ac (Cell signaling) 1:1000, rabbit anti-H2A.Z (Cell
signaling) 1:500, rabbit anti-H3 (Abcam) 1:2000, mouse anti-TIP60 (Santa Cruz) 1:500,
rabbit anti-H4K16ac (Active Motif) 1:2000, mouse anti-H4 (Cell Signaling) 1:200.
IFs: rabbit anti-HA (Cell Signaling) 1:1000 or mouse anti-HA.11 (Covance) 1:1000,
rabbit anti-53BP1 (Novus) 1:1000, rabbit anti-BRCA1 (Millipore) 1:1000.
ChIP: rabbit anti-H4K16ac (Active Motif), rabbit anti-H4 (Millipore), rabbit anti-H2A.Z
K4/K7ac (Cell signaling), rabbit anti-H2A.Z (Abcam).

Statistics
Mann-Whitney tests were performed using the Graphpad Prism 7 software. Error bars
plotted are for S.E.M. p-value asterisks: * <0.05, ** <0.01, ** * <0.001, *** * <0.0001.
Comparisons are made to control unless otherwise indicated by a black bar between the
two conditions that are being compared.
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IX.

Figures
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Fig. 4-1: Purification of repair protein-associated mono-nucleosomes
(A) Schematic of the FLAG-HA tagged repair proteins/protein fragments that recognize
known DNA damage-associated chromatin modifications. The Tudor domain within the
53BP1 FFR fragment recognizes H4K20me2, and the UDR domain recognizes
H2AK15ub. The UIM domain of Rap80 recognizes K63 poly-ubiquitin conjugates. (B)
Workflow for purification of mono-nucleosomes associated with the epitope-tagged
repair proteins and subsequent analysis by mass spectrometry. (C) Western blot of
γH2A.X banding patterns on nucleosomes pulled down with wild-type 53BP1 FFR
fragment, the 53BP1 L1619A UDR domain mutant, and the Rap80 complex member
Abraxas (wild-type).
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Fig. 4-2
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Fig. 4-2: 53BP1-bound nucleosomes are hypo-acetylated on H4 and H2A.Z
(A,B,D) Relative abundance of modified peptides to total peptides on bulk mononucleosomes (input) vs. FLAG-HA-53BP1 FFR associated (IP) mono-nucleosomes by
histone mass spectrometry (Sidoli et al., 2016). (C) Relative abundance of H2A.Z variant
vs. all H2A variants on input vs. IP mono-nucleosomes. (E) Western blot of input vs. IP
mono-nucleosomes. The ratio of each (modified) histone in IP/input was normalized
using histone H3 as a proxy for nucleosome abundance (set to 1).
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Fig. 4-3
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TIP60 cKO

Fig. 4-3: H4 and H2A.Z are targets of TIP60 HAT in vivo
(A,B) Relative abundance of modified peptides to total peptides on acid-extracted bulk
chromatin from control vs. TIP60 cKO MEFs by histone mass spectrometry. (C) Western
blot of whole cell lysate (for TIP60) and acid-extracted histones (all other blots) from
control vs. TIP60 cKO MEFs in the presence and absence of DNA damaging agent
etoposide. (D) Immunofluorescence (IF) images of epitope-tagged 53BP1 FFR foci
formation after ionizing radiation damage, quantified in (E).
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Fig. 4-4
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Fig. 4-4: H2A.Z removal regulates 53BP1 accumulation at DSBs
(A) Relative expression of the targeted genes after siRNA knockdown, assessed by qRTPCR. (B) IF images of 53BP1 (top panels) and BRCA1 (bottom panels) foci formation in
LacI-FokI reporter cells after ANP32E knockdown. FokI marks the sites of damage. (C)
Quantification of 53BP1 and BRCA1 foci intensity in control cells vs. cells with TIP60
or ANP32E knocked down. (D) IF image of LacI-FokI cells with transient overexpression of epitope-tagged ANP32E. (E) Quantification of 53BP1 foci formation in
LacI-FokI cells with indicated conditions. (F) Table of analyses of mass spectrometryidentified proteins that co-purify with WT vs. mutant TIP60 after normalizing to bait (in
red). n = 3.
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Fig. 4-5
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120

Fig. 4-5: Relationship between TIP60-dependent histone acetylation and H2A.Z
exchange
(A) Normalized ratio of total H2A.Z ChIP to total H4 ChIP in dox-induced LacI-FokI
reporter cell lines, with the control cells expressing no exogenous TIP60 set to
normalized ratio of 1. S.E.M. error bars. n = 3. (B) Same figure as Fig. 3-6G, reproduced
here for ease of reference. Normalized ratio of H4K16ac ChIP to total H4 ChIP, and
H2A.Z K4/K7ac ChIP to total H2A.Z ChIP, with the control cell line expressing no
exogenous TIP60 set to normalized ratio of 1. S.E.M. error bars. n = 3. (C) Table of
analyses of mass spectrometry-identified proteins that co-purify with WT vs. mutant
TIP60 after normalizing to bait (in red). n = 3. (D) Static sample image from EGFPH2A.Z live-imaging experiments. The yellow circles indicate where GFP intensities were
measured. (E) Quantification of ratio of focal (damage) EGFP-H2A.Z intensity divided
by pan-nuclear EGFP-H2A.Z intensity over time after subtracting background. S.E.M.
error bars. n = 3.
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CHAPTER 5. Conclusions and Future Directions
Unrepaired DSBs can result in cell death or widespread genomic instability that
predisposes cells to cancer. The balance between repair by NHEJ and repair by HR is
critical for genome maintenance, as evidenced by the striking genetic interactions
between BRCA1 and 53BP1. While the protein machinery that defines each pathway has
been extensively dissected, evidence that chromatin dynamics can regulate repair
pathway choice has only emerged in the last few years. A previous report from our group
implicated the histone H4 HAT TIP60 and its NuA4 complex partners in restricting
53BP1 hyper-accumulation and pathologic NHEJ (Tang et al., 2013). However, it was
unclear whether TIP60 also promotes meiotic HR, how it regulates the cell cycledependent balance between the two different modes of repair in mitotic cells, and which
key TIP60 substrates and activities are involved in limiting 53BP1 occupancy at DSBs.
The results presented in this dissertation is a summary of our work to answer these
questions and investigate how the chromatin changes mediated by TIP60 promotes
BRCA1-dependent HR and suppresses 53BP1-mediated toxic NHEJ.

Utilizing Stra8-Cre to conditionally delete Tip60 in early spermatogonia, we established
the importance of TIP60 for meiotic HR repair and fertility. Loss of TIP60 resulted in
defective synapsis and XY body formation, leading to pachytene stage arrest and
apoptosis. Interestingly, although this phenotype is consistent with defective HR (Baudat
et al., 2013; Lu et al., 2013), and mimics BRCA1 loss (Broering et al., 2014), the
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localization of BRCA1 itself is unperturbed. Similarly, RNF8 and Rap80, which are part
of the DDR ubiquitin signaling cascade, are important for BRCA1 foci formation in
mitotic cells, but dispensable for its localization in pachytene spermatocytes (Lu et al.,
2013). Because the genetics of BRCA1-53BP1 interactions/antagonisms are different
between mitotic cells and meiotic cells, these findings raise the possibility that TIP60,
RNF8, and Rap80 are chromatin factors that specifically help mitotic cells negotiate the
BRCA1-53BP1 balance. The sterility of TIP60 and RNF8-depleted testes (this report and
(Sin et al., 2012)) indicate that these factors are important for meiotic HR in a BRCA1independent manner.

The dramatic spatial separation between the γH2A.X-MDC1-H2Aub-53BP1 axis and the
RNF8-BRCA1-A axis on the XY body (Lu et al., 2013) is much easier to detect than the
juxtaposition between the repair foci of these axes in mitotic cells (Mok and Henderson,
2012). While we could not detect TIP60 localization in spermatocytes with the current
reagents available, it would be worthwhile to examine in the future for clues as to the
chromatin environment that TIP60 operates in, and extrapolate the information to its
cistrome in damaged mitotic cells.

In mitotic cells, physiologic HR is only utilized during S and G2 phases of the cell cycle
(Hustedt and Durocher, 2016). However, the mechanism(s) through which TIP60 directs
this cell cycle-dependent decision was unclear. It was recently reported by others that
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putative TIP60 substrate H2AK15 is only acetylated during S/G2 (Jacquet et al., 2016),
that acetyl CoA production is higher during S/G2 to facilitate TIP60-dependent histone
acetylation (Sivanand et al., 2017), and that other members of the NuA4 complex are
preferentially phosphorylated during S/G2 (Cheng et al., 2018). Our studies demonstrate
a more direct mechanistic link through cell cycle-regulated phosphorylation of TIP60
itself promoting HAT activity and directing its DDR and DNA repair activities (Li et al.,
2018).

Although phosphorylation of S90 and S86 have been known to affect TIP60 activity for
two decades now, it is still not clear how this is effected. Mutation of S90 or S86 do not
impact TIP60’s ability to bind other NuA4 complex partners, (Brauns-Schubert et al.,
2018; Li et al., 2018) nor its localization to damage sites (Li et al., 2018). However, since
inducible protein phosphorylation frequently mediates protein-protein interactions, it is
possible that phosphorylation of TIP60 alters its affinity for other partners that are
important for repair. Our protein complex purification and mass spectrometry studies
using WT and S90A TIP60 produced a number of candidates, and it would be interesting
to validate these hits and study how these other factors amplify TIP60 HAT activity to
facilitate HR repair.

Also, given that phosphorylation affects TIP60 activity, it implies that the kinases for
these sites are another mode of regulating TIP60 activity temporally and spatially.
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Although CDK1 is reported to be the kinase for S90 (Lemercier et al., 2003; Mo et al.,
2016), and would be consistent with TIP60 hyper-activity during S/G2 to mediate HR,
we found that it was not the major kinase on our exogenous tagged WT TIP60. CDK9,
which promotes transcriptional elongation, was also recently described as a kinase for
S90 (Brauns-Schubert et al., 2018). It is an attractive candidate for the S90 kinase, as HR
repair is believed to be more prevalent in transcriptionally active regions of the genome
(Aymard et al., 2014). However, CDK9 was not the major kinase for our exogenous WT
TIP60 either. This suggests that other kinases could also be responsible for S90
phosphorylation, and that TIP60 phosphorylation and activity could be regulated by
context-specific kinases. Thus, TIP60 activity could be modulated in response to specific
stimuli, and perhaps at specific sites in the genome. Uncovering the ecosystem of kinases
which act on TIP60 in vivo will provide clues as to how its activity can be regulated
during different cellular processes.

Compared to TIP60 substrates H4 and H2A, H2A.Z acetylation is not as well
characterized in the damage response, owing in part to seeming contradictions in whether
H2A.Z incorporation makes nucleosomes more or less stable (Bönisch and Hake, 2012),
and whether it’s actually incorporated and functionally important at damage sites
(Jacquet and Côté, 2014). The jury is still out on whether H2A.Z is enriched, depleted, or
transiently loaded then evicted at damage sites, which appears to be highly dependent on
the type of damage, and the pre-damage chromatin environment surrounding the break
site. However, there is ample evidence in the yeast literature that both H2A.Z deposition
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and its eviction by the remodelers SWR and INO80, respectively, are a critical
component of genome maintenance (Gerhold et al., 2015; Hauer and Gasser, 2017).
INO80 in particular appears to direct accurate HR repair (Alatwi and Downs, 2015;
Kawashima et al., 2007; Lademann et al., 2017; Papamichos-Chronakis et al., 2011;
Tsukuda et al., 2009), although the detailed mechanism is still being elucidated.

In light of this, we were interested to find, using our genetic Tip60 cKO system and
quantitative histone mass spectrometry, that TIP60 cKO had much greater impact on
H2A.Z acetylation than H4K16ac, particularly on H2A.Z K4 and K7. Our findings
corroborate those of another group, which dissected the substrates of TIP60 on H2A.Z
and found it to be K7 (Sudhakar Jha, personal communications). Although the S90A
mutant, which fails to limit 53BP1 DSB accumulation, did not compromise H2A.Zac as
much as it did H4K16ac, H2A.Z incorporation appeared to be defective. Taken together
with our observation that 53BP1-bound nucleosomes are hypo-acetylated on H2A.Z, this
suggests that H2A.Z acetylation and exchange could be a novel modality for regulating
the HR-NHEJ balance, and controlling genome stability and response to PARPi therapy.

Although other groups have suggested that NuA4 complex members stimulate or
facilitate the incorporation of H2A.Z on chromatin (Altaf et al., 2010; Cheng et al., 2015;
Xu et al., 2012), there’s also evidence to suggest that acetylation of histone tails promotes
the eviction of H2A.Z and destabilizes the H2A.Z nucleosome (Ishibashi et al., 2009;
118

Subramanian et al., 2015). While loss of ino80 in yeast results in chromatin retention of
un-acetylated H2A.Z that destabilizes the genome, mutating the H2A.Z N-terminal lysine
residues to acetyl-mimic glutamine can suppress the H2A.Z retention and genomic
instability phenotype of ino80 knockouts (Papamichos-Chronakis et al., 2011),
suggesting that acetylated H2A.Z does not require INO80 for eviction, and associates
with chromatin less tightly. H2A.Z (and possibly H4) acetylation by TIP60 and General
Control of amino acid synthesis protein 5 (GCN5) have also been shown to precede and
stimulate the recruitment of the SWI/SNF remodeler and downstream end resection
(Bennett and Peterson, 2015). This corroborates the current model that incorporation of
un-acetylated H2A.Z results in highly stable nucleosomes, whereas acetylated H2A.Z
results in highly unstable nucleosomes that are rapidly remodeled, particularly when
histone variant H3.3 is present in the same nucleosome (Bönisch and Hake, 2012).

Furthermore, while the mammalian TIP60 associates with both p400, a remodeler that is
thought to deposit H2A.Z (Xu et al., 2012), and YL-1, a histone chaperone that is
purported to do the same (Latrick et al., 2016), it has also been found in complex with
ANP32E, a histone chaperone that specifically mediates H2A.Z eviction (Obri et al.,
2014). In fact, in our complex purification studies, both WT and S90A TIP60 consistently
associated with ANP32E, whereas they did not with YL-1. This suggests that while the
mammalian TIP60-p400 complex is important for H2A.Z deposition, it could also
mediate its acetylation and subsequent removal.
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The involvement of H2A.Z in 53BP1 loading has several implications. Compared to
canonical H2A, H2A.Z-containing nucleosomes have an extended acidic patch at the
H2A.Z/H2B interface (Subramanian et al., 2013), which is frequently used as a docking
site for transcription factors, pioneer proteins, etc. 53BP1 UDR domain has been
demonstrated to utilize the acidic patch to associate with the nucleosome surface (Wilson
et al., 2016). NuA4-dependent H2A.Z loading, and changing the abundance of H2A.Zcontaining nucleosomes at the break site, could be one mechanism of directly regulating
the abundance of 53BP1 via acidic patch-dependent nucleosome binding. Subsequent
acetylation of H2A.Z by TIP60 could recruit remodelers to the site to destabilize and
exchange

H2A.Zac-containing

nucleosomes.

This

would

corroborate

studies

demonstrating that chromatin remodelers are preferentially recruited during S and G2
phases (Bennett et al., 2013). H2A.Z acetylation has also been shown to influence
chromatin looping (Dalvai et al., 2013). This, in conjunction with TIP60-mediated H4
acetylation, which directly decreases the strength of inter-nucleosomal contacts
(Kalashnikova et al., 2013), could quickly toggle the chromatin state surrounding DSBs
between highly compact and highly accessible to resection machinery, which parallels the
role for TIP60 in rapid activation of genes with poised promoters by enabling access to
transcriptional machinery (Calo and Wysocka, 2013). However, it is unclear how
nucleosome remodeling and chromatin de-condensation would mechanistically alter
53BP1 occupancy.
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Another point to consider is that it is still unknown how 53BP1 and its effectors restrict
resection to prohibit BRCA1 loading and HR. It is possible that 53BP1 or its partners can
also regulate chromatin compaction to counteract TIP60 and antagonize resection.
Genetic models of TIP60 and 53BP1 loss, and single cell live imaging studies could
provide insight into how chromatin accessibility and nucleosome stability regulate 53BP1
occupancy, and vice versa.

In summary, our studies demonstrate that 1) TIP60 is important for meiotic HR, 2) cell
cycle-dependent phosphorylation of TIP60 regulates DNA repair mechanism and histone
acetylation, and 3) TIP60 acetylation of H2A.Z and regulation of H2A.Z exchange
presents a novel mechanism for limiting 53BP1 accumulation at DSBs and suppressing
toxic end-joining.
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